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EDITORIAL 


The UK: Thinking big or small? 


o member state has ever left the European Union 
(EU), and so the idea that the United Kingdom 
(UK) might leave has stirred fierce debate ever 
since Prime Minister David Cameron promised 
a referendum on membership nearly a year ago. 
On 23 June 2016, British citizens have a choice 
to make. Public opinion in the UK is split on a 
British exit from the EU, or a “Brexit.” A recent survey 
indicates that the majority of researchers favor the UK 
remaining in the EU.* As a British scientist and former 
Chief Scientific Adviser to the President of the European 
Commission, I believe that it 
benefits the UK, the EU, and 
global science for the UK to 
remain a strong committed 
member of the EU. 

Established in 1951 to ce- 
ment nations through com- 
mon trade interests, the EU 
reflects a unified movement 
toward peace, prosperity, 
and stability. Now a fam- 
ily of 28 nations, this union 
shares economic goals and 
social and cultural values, 
and solves problems and ex- 
erts global influence through 
partnerships. As a result, 
the EU leads some of the 
most successful scientific en- 
terprises in the world. 

A vote to leave the EU 
amounts to turning Brit- 
ain’s back on a demonstra- 
bly valuable venture that 
supports the UK’s scientific 
success. The UK would face having a minor role in sci- 
entific endeavor rather than one of leadership and com- 
mon vision. Science would survive, of course, and the 
UK could try to agree to terms with the remaining EU 
members (not a foregone conclusion) to secure “associ- 
ated country” status for major science projects such as 
Horizon 2020, the largest EU Framework Programme 
for Research and Innovation. But the UK would say 
goodbye to influence, and the ability to achieve scien- 
tific ambitions would diminish as it attempted to com- 
pete globally as a small island nation. 

Would this really matter? If the UK aspires to de- 
liver a robust and sustainable economy fit for the 21st 


*D. Cressy, Nature 531, 559 (2016). 


“it benefits the UK... 
to remain a strong committed 
member of the EU.” 


century, that economy must be based on science, engi- 
neering, and technology. It is difficult to see how that 
will be achieved if the best researchers in the UK are 
distanced from the best in Europe and other global 
partners. Science is an international pursuit. It relies 
on the best infrastructure, which cannot easily be deliv- 
ered by single nations. British scientists currently have 
leadership roles in, and benefit from, the European 
Southern Observatory, the European Space Agency, the 
European Molecular Biology Laboratories, ITER (Eu- 
ropean nuclear fusion project), and ELIXIR (European 
infrastructure for biologi- 
cal information), to name 
a few. This involvement 
supports the UK’s scientific 
aspirations, industries, and 
economy. 

The UK currently attracts 
the best scientists in the 
world, who understand that 
by being there, they can in- 
fluence and take part in EU 
research programs, move 
freely between EU member 
states, form powerful scien- 
tific networks, and access 
the best infrastructure. It 
is hard to imagine that the 
UK would remain attractive 
to the best global scientific 
minds if distanced from the 
EU. Worse yet, would the 
UK close its borders to Eu- 
ropean scientists? Consider 
how the UK would deliver 
its European networks if the 
UK government chose not to replace funding received 
from Horizon 2020, an amount that substantially ex- 
ceeds its proportionate contribution. 

Without doubt, there are challenges for the European 
Commission as it struggles to support the rapid expan- 
sion of the EU. Tensions about debt crises and immigra- 
tion loom large over Europe. But what would a Brexit 
reflect as far as the British attitude toward an alliance 
that represents the hope of further strengthening sta- 
bility and security? Rather, the UK should be working 
with its European partners to make the EU the best it 
can be. 

—- Anne Glover 


Dame Anne Glover 
is a professor at 
the University of 
Aberdeen, UK, and 
served as Chief 
Scientific Adviser 
to the President 

of the European 
Commission from 
2012 to 2014. 
Email: l.a.glover 
@abdn.ac.uk; 
Twitter: 
@AnneGlover_EU 


10.1126/science.aaf8180 


SCIENCE sciencemag.org 


15 APRIL 2016 * VOL 352 ISSUE 6283 


Published by AAAS 


273 


Mekong drought erodes food security 


oe 
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The megadrought is hammering Vietnamese 
agriculture, including crops like rambutan. 


he worst drought ever recorded in Vietnam is stoking fears of 
a food security crisis. On 12 April, a Hanoi-based research team 
with the International Center for Tropical Agriculture briefed 
Vietnamese officials on how water scarcity and climate change 
are imperiling key crops—rice, cassava, maize, coffee, and ca- 
shew nuts—across the country. Since the end of 2015, water lev- 
els in the lower Mekong River have been at their lowest since records 
began nearly 100 years ago, according to a United Nations report re- 
leased last month; as of mid-March, nearly a million people in central 
and southern Vietnam lacked access to fresh drinking water. Water 
levels customarily drop during the dry season, resulting in saltwater 
intrusion from the South China Sea. But a combination of factors— 
reduced rain due to El Nifio, possibly exacerbated by climate change, 
as well as the impact of upstream dams—have dramatically con- 
stricted the river’s flow. As a result, the saltwater intrusion began 
2 months early, tainting groundwater and rice paddies as far as 90 
kilometers inland. The Vietnamese government has approved $23.3 
million in emergency funds to compensate hard-hit farmers and pro- 
vide water tanks and other critical provisions. http://scim.ag/Mekongdrought 
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$250,000,000 


Amount donated by tech entrepreneur and philanthropist Sean Parker for 
the new Parker Institute for Cancer Immunotherapy, announced 13 April. The 
institute will involve five major cancer centers and more than 300 researchers. 


AROUND THE WORLD 
NIH seeks money for Zika, Ebola 


WASHINGTON, D.c. | The White House’s 
decision this week to shift $589 million 

in unspent Ebola response funding to 
fighting Zika won’t require cutting any 
Ebola research supported by the National 
Institutes of Health (NIH). But the Obama 
administration is requesting more help 
from Congress both to fund Zika efforts 
and to replenish money shifted away from 
Ebola, says Anthony Fauci, the head of 
NIH’s National Institute of Allergy and 
Infectious Diseases (NIAID) in Bethesda, 
Maryland. Some $47 million of the shifted 
funds will go to NIAID to support Zika 
research, Fauci says; none of that comes 
from Ebola research at NIAID, which has 
already spent its $238 million share of 
Ebola response funding authorized by 
Congress last year. Meanwhile, Obama 
administration officials are still pushing 
Congress to approve a nearly $2 billion 
emergency Zika funding request the White 
House made earlier this year. 
http://scim.ag/Zikafundingshift 


Team to test drug for pedophiles 


STOCKHOLM | Swedish researchers have 
begun a clinical trial to assess whether 

a prostate cancer drug called Firmagon 
could help prevent pedophilic behavior— 
and they’re counting on online donations 
to help finish it. The team is reaching out 
to the public to collect £38,000 ($53,000) 
through a campaign launched last week on 
Walacea, a U.K. crowdfunding website for 
scientific research. They hope to show that 
the drug, which lowers testosterone levels 
in the body, will reduce the pedophilic 
impulses that might cause people to abuse 
a child. The trial participants are recruited 
through Preventell, a Swedish “helpline 
for unwanted sexuality” run by the Centre 
for Andrology and Sexual Medicine at 

the Karolinska University Hospital here. 
The trial will not enroll sex offenders, said 
the trial’s principal investigator, psychi- 
atric researcher Christoffer Rahm of the 
Karolinska Institute, at a press briefing to 
announce the campaign in London on 

6 April. On the contrary, he said, the 
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Why male Neandertals have no male heirs 


fter years of sequencing the genomes of female Neandertals, 
researchers have finally gotten their first good look at the Y 
chromosome of a male Neandertal—and it may explain why 
female modern humans and male Neandertals had trouble 
making babies. The DNA on that Y chromosome—from a male 
who lived at El Sidrén, Spain, 49,000 years ago—is unlike that of any 
Y in modern humans, despite interbreeding between Neandertals and 
modern humans in the past 100,000 years, researchers reported last 
week in The American Journal of Human Genetics. Earlier findings 
have hinted that female modern humans and male Neandertals were 
not fully compatible: Although modern Asians and Europeans have 
inherited 1% to 3% of their DNA from Neandertal ancestors, they are 
missing chunks of Neandertal DNA on their Y chromosomes. The new 
study offers a clue as to why: The El Sidr6én Neandertal had mutations 
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project “wants to shift the focus [to] pre- 
venting child sexual abuse from happening 
in the first place” by targeting men who 
have sought help to deal with their pedo- 
philic impulses. http://scim.ag/pedodrugtrial 


Logging looms for famous forest 


WwARSAw | The Biatowieza Forest is 


the largest remaining old-growth for- 
est in Europe, covering 142,000 hectares 
in Poland and Belarus. It is a United 
Nations Educational, Scientific and 
Cultural Organization World Heritage 
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Logging plans may threaten one of Europe's last primeval forests. 


in three immune genes, including one that produces antigens that 
can elicit an immune response in pregnant women, causing them to 
reject and miscarry male fetuses with those genes. 


Site, which includes both natural and 
managed forests and contains hundreds 

of European bison, Europe’s heaviest 

land animal. On 25 March, the Polish 
government announced it would increase 
logging permits in 2470 hectares outside 

a national park and nature reserves, as 

a response to an outbreak of European 
spruce bark beetle that began in 2013. That 
will increase the logging intensity by an 
order of magnitude compared with 2012, 
says ornithologist Przemek Chylarecki 

of the Polish Academy of Sciences here. 

“T see this logging intensity as virtually 
incompatible with the need to 
maintain [ecological] integrity,” 
he says. And logging outside 

the old-growth forest could 

still be harmful, says Stephen 
Woodward, a tree pathologist at 
the University of Aberdeen in 
the United Kingdom. “If they log 
right up to the boundary of the 
nature reserve, that could have 
serious impacts.” Meanwhile, the 
European Commission last week 
began investigating whether the 
logging is compatible with E.U. 
protections of nature reserves. 
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Reconstruction of a 
Neandertal boy from 
fossils from Gibraltar. 


CSIRO chief defends divisive plan 


CANBERRA | Speaking at a Senate budget 
hearing on 7 April, Larry Marshall, the 
chief executive of Australia’s premier 
research agency, the Commonwealth 
Scientific and Industrial Organisation 
(CSIRO), sought to allay fears of job losses 
while defending the agency’s new priori- 
ties. The controversy over the scientific 
direction and staffing of CSIRO had heated 
up again last week with the release of 

700 pages of internal documents suggest- 
ing that CSIRO’s management disdains 
“public good” research. Among those 
documents, released by a Senate panel 
investigating job cuts at the agency, were 
emails written by division Deputy Director 
Andreas Schiller to agency leaders suggest- 
ing that “public good is not good enough, 
[it] needs to be linked to jobs and growth,” 
and advising that CSIRO make a “clean 
cut” and eliminate 120 staff engaged in 
“public good/government-funded climate 
research.” Marshall said he was surprised 
by the “extremely negative” response to 
his February announcement of plans to 
“realign and restore our business growth.” 
He said new jobs would be created in 
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areas such as carbon capture and storage, 
emission reduction measures, and photo- 
voltaics. http://scim.ag/CSIROclimcuts 


‘Starshot’ probes aim for stars 


NEW YORK CITY | Russian internet 
billionaire Yuri Milner, teaming up with 
physicist Stephen Hawking and Facebook 
co-founder Mark Zuckerberg, announced 
this week the start of a project to send 
miniaturized spacecraft to the nearest 
nearby stars. The Breakthrough Starshot 
initiative will use cellphone technology to 
make a postage stamp-sized spacecraft- 
on-a-chip, with camera, thrusters, and 
communications. Thousands of these will 
be launched into space, each equipped 
with a solar sail a few meters across. 
Rather than rely on the weak power of the 
sun for propulsion, an array of powerful 


In this artist's conception, 
the cross-shaped areas show 
Kepler's observing field. 


ground-based lasers will fire a 100-gigawatt 
beam to boost the tiny craft on their way. At 
20% of the speed of light, the craft will reach 
the nearest star, Alpha Centauri, in 20 years. 
They will flash by in about an hour, sending 
back pictures and other data about any 
planets. “For the first time in human history, 
we can do more than just stare at the stars,” 
Milner said 12 April at a press conference 

in New York. 


NEWSMAKERS 


Three Qs 


In November, Hugh Possingham, an 
Australian mathematical ecologist at 

the University of Queensland, St. Lucia, 

in Brisbane, will become the next chief 
scientist of The Nature Conservancy (TNC), 
based in Arlington, Virginia. Possingham, 


NASA's planet hunter safe again, for now 


ASA has regained control of its exoplanet discovery satellite, Kepler, after 

a fraught few days during which the spacecraft put itself into a protective 

“emergency mode.” Kepler, launched in 2009 to search out roughly Earth- 

sized planets around sunlike stars, had finished its last observing campaign 

on 23 March and was in a “rest” state before beginning a campaign to detect 
exoplanets by gravitational microlensing, due to begin last week. But during a check 
in with the spacecraft on 7 April, mission controllers found that it had put itself into 
emergency mode. By 10 April, controllers had the spacecraft in a stable state with 
its communications antenna pointing toward Earth; they are now downloading data 
from the spacecraft to examine what went wrong. Kepler, which has far outlasted its 
designed mission length, has previously faced and overcome technical problems, 
including the failure of two of its four reaction wheels, which keep the spacecraft 
pointed accurately; mission engineers worked out a solution using a combination of 
thrusters, surviving reaction wheels, and the pressure of sunlight. This is the first time 
Kepler has had to resort to emergency mode. http://scim.ag/Keplerback 
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53, led a group that developed conservation 
planning software, called Marxan, that has 
been used in more than 150 countries for 
designing nature reserves, zoning plans, 
and other purposes—including rezoning 
the Great Barrier Reef Marine Park in 2004. 
Science spoke with Possingham about his 
new position. http://scim.ag/Possingham 


Q: What will you do as chief scientist? 

A: I wish I knew! I’m not starting until 
November, so I’m still in a learning curve. 
[TNC] has been rapidly changing from 
being largely U.S.-based and acquiring 
land as their main strategy. Now, they’re 
in many more countries with many other 
methods to advance conservation. They’re 
moving into areas like climate, water, 

and cities. 


Q: What’s going on with science at TNC? 

A: They’re interested in diversifying their 
science base, encompassing the whole of 
land-use planning. We need a lot of people 
with diverse backgrounds. This covers 
economics, social science, political science, 
engineering, mathematics. 


Q: You’re an advocate of “conservation tri- 
age.” How will you apply that at TNC? 

A: Triage is just prioritization, and every 
manager prioritizes. [TNC is] facing 
important questions: How do you allo- 
cate resources? How much effort do you 
spend on reaching out to policymakers? 
What’s the business case for these diverse 
activities? And what new knowledge do we 
need to make these decisions? To me it’s a 
massive intellectual problem in allocation 
of resources. 


FINDINGS 


Embryo-editing study fuels debate 


Chinese researchers have used the CRISPR 
gene-editing technique to modify the 
genome of a human embryo in an effort 

to make it resistant to HIV infection. The 
paper is only the second on the ethically 
fraught use of gene editing in human 
embryos. According to a 6 April report in 
the Journal of Assisted Reproduction and 
Genetics, researchers at Guangzhou Medical 
University in China attempted—with 
limited success—to modify the CCR5 gene 
so that HIV could not enter immune cells. 
The team used nonviable embryos that 
were destroyed after 3 days. A similar paper 
published by a Chinese team in April 2015 
led to an international summit on human 
gene editing. It concluded that although the 
clinical use of embryo editing should be off- 
limits, basic research should continue. 
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Global effort might aim 
to generate large-scale 
maps of human brain 
onnections like these. 


International brain projects proposed 


Meeting attendees debate big science ideas, including need for global data hub 


By Emily Underwood, 
in Baltimore, Maryland 


euroscience is becoming big science, 

with the 2013 launches of the Euro- 

pean Union’s Human Brain Project 

and the United States’s Brain Re- 

search through Advancing Innova- 

tive Neurotechnologies (BRAIN) 
initiative setting the pace. Last week, lead- 
ers of these massive, multi-institution proj- 
ects and others around the world met here 
at Johns Hopkins University to discuss an 
even loftier goal: a global neuroscience col- 
laboration that would link their efforts and 
rival big science investments in astro- 
nomy and physics. 

More than 60 neuroscientists from 
12 countries pitched diverse visions 
for such a project at the meeting, 
sponsored by the Kavli Foundation 
and the National Science Founda- 
tion. Some called for a global effort 
to cure a single illness or disorder, 
such as depression, Alzheimer’s dis- 
ease, or stroke. Others argued for 
more detailed maps of brain con- 
nections in humans or nonhuman 
primates. Yet another contingent ad- 
vocated creating a worldwide coali- 
tion of researchers to “crack” for the 
first time a single, complex behavior 
in a mammal, such as how a rat’s 
brain controls foraging for food. 
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Long-standing tensions between clini- 
cal and basic research quickly emerged in 
the discussion. “We need to think about 
people—a depressed relative, a _ para- 
lyzed relative,” said neuroengineer Miguel 
Nicolelis of the Duke University School of 
Medicine in Durham, North Carolina, ar- 
guing for the disease-centered approach. 
Choosing just one condition to focus on, 
however, could “disenfranchise” people 
with other disorders, cautioned neuro- 
biologist Story Landis, former director of 
the National Institute of Neurological Dis- 
orders and Stroke in Bethesda, Maryland, 
who lobbied for more basic science. “Real 


Some participants at the neuroscience meeting lobbied for a project 
to explain complex behaviors, including with simulations such as this 
one of a network of neurons in the cerebral cortex. 
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progress will depend on much better under- 
standing of [neural] circuitry—how it’s es- 
tablished, how it’s modulated,” she said. 
Mu-Ming Poo, director of the Institute 
of Neuroscience at the Chinese Academy of 
Sciences in Shanghai, proposed an all-out 
effort to study brain wiring. Noting China’s 
large supply of rhesus macaques and re- 
searchers’ increasing ability to genetically 
engineer the animals to carry mutations for 
brain diseases such as autism, the neuro- 
scientist proposed a 10- to 20-year global 
effort to complete the first map of brain 
connections in a nonhuman primate, which 
would include information about cell types, 
gene expression, and neural activity 
patterns. (Poo also provided some 
initial details about China’s pending 
national brain project, saying it will 
encompass research into the neural 
basis of high cognition, artificial in- 
telligence, and “early diagnosis” of 
brain diseases based on large medical 
and cognitive data sets collected by 
the Chinese health care system.) 
Attendees did converge on several 
guiding principles for an interna- 
tional project. All agreed, for example, 
on the need for better vetting, sharing, 
and storing of neuroscience data. “The 
raw data gathered by generations of 
graduate students and postdocs has 
been lost because we haven’t come up 
with a good system for archiving and 
277 
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sharing data,” said neuroscientist Michael 
Hausser of University College London. 

To address that problem, the group 
proposed creating an online resource ten- 
tatively dubbed the International Brain 
Station. Inspired in part by the Sloan 
Digital Sky Survey, a digital repository of 
telescope images containing hundreds of 
thousands of galaxies and other heavenly 
bodies, the brain counterpart would pro- 
vide a portal into vast amounts of neuro- 
science data, which both scientists and the 
general public could access by computer. 

Neurostatistician Joshua Vogelstein 
of Johns Hopkins, a meeting organizer, 
emphasized another key principle: en- 
couraging participation from all nations. 
Although only about 450 laboratory heads 
are pursuing basic neuroscience research 
in India, for example, these researchers 
are “seeking and amenable to taking an 
international role,’ said neuroscientist 
Sandhya Koushika of the Tata Institute of 
Fundamental Research in Mumbai, India. 
A global neuroscience project should al- 
low scientists from all countries to make 
intellectual contributions that go beyond 
“patronizing” requests for data analysis or 
technical support, she said. It should also 
avoid a narrow focus on problems that dis- 
proportionately afflict Western countries, 
she added. Whereas the United States is 
preoccupied with combating diseases of 
age such as Alzheimer’s, Koushika noted, 
India’s younger population is in greater 
need of interventions targeted to neuro- 
development and learning. 

The group agreed on three basic research 
questions: what makes individual brains 
unique; how the brain’s many components 
orchestrate learning and perform a task; 
and how to leverage the brain’s plasticity 
to protect and restore brain function. The 
scientists will meet again in September 
to further refine the proposal, says neuro- 
scientist Rafael Yuste of Columbia Univer- 
sity, who co-organized the meeting and also 
helped craft the BRAIN initiative. Then, to 
garner support—and funding—from global 
leaders, the group aims to present a final 
proposal to the United Nations General As- 
sembly when it meets in New York City that 
same month. 

If it succeeds, a global brain initia- 
tive could inspire China’s political 
leaders to take on “a major role” in inter- 
national neuroscience, Poo said. U.S. neuro- 
scientists also have a good reason to push 
for a global project, Yuste said: the upcom- 
ing U.S. elections. Anchoring the BRAIN ini- 
tiative, which President Barack Obama has 
so visibly championed, in an international 
collaboration could be a buffer against 
shifting political winds, he said. 
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Arctic nations eye fishing ban 


As ice recedes in central Arctic Ocean, officials meet to 
discuss catch moratorium until stocks can be studied 


By Eli Kintisch 


n the late 1980s, hundreds of massive 
factory trawlers from Japan, the Soviet 
Union, and other nations swarmed into 
international waters in the Bering Sea 
between Russia and the United States, 
netting millions of tons of pollock. 
But the lucrative, essentially unregulated 
fishery quickly came to an ignominious 
end: In the early 1990s, pollock popula- 
tions crashed and have not recovered. 

Now, researchers and 
policymakers are work- 
ing to prevent a repeat 
of that disaster farther 
north, in the central Arc- 
tic Ocean (CAO), which is 
increasingly accessible as 
sea ice melts. Next week, 
delegates from six of 
the eight Arctic nations 
as well as several coun- 
tries with major fishing 
industries will meet in 
Washington, D.C., to dis- 
cuss a proposal to bar 
commercial fishing in 
the CAO until scientists 
learn more about little- 
studied stocks and na- 
tions agree on catch 
rules. Fishing shouldn't 
begin in international 
waters “until there is 
adequate scientific infor- 
mation on which to manage such fisheries 
properly,’ argues Ambassador David Balton 
of the U.S. Department of State in Washing- 
ton, D.C., a major backer of the initiative. 

Thick sea ice and doubts about the extent 
of Arctic fish stocks have kept the CAO’s 
international waters free of commercial 
fishing. But the area of late winter sea ice 
has plummeted by 9%, or 1.5 million square 
kilometers, over the past 3 decades, and 
the resulting flood of additional sunlight 
has helped increase primary production 
by phytoplankton—the base of the marine 
food web—by 30% since 1998. 

Recognizing that such changes might 
eventually fuel an attractive polar fishery, in 
2012 some 2000 scientists called for a fishing 
moratorium in the CAO. Already, the United 
States and Canada have basically placed a 
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Researchers want to learn more 
about krill in the Arctic before any 
commercial fishing begins. 


moratorium on fishing in the exclusive eco- 
nomic zones off their Arctic shores. But those 
zones extend just 370 km off the coast of each 
Arctic nation, leaving much of the CAO within 
a so-called doughnut hole of unprotected 
international waters. So the United States, 
Russia, Canada, Norway, and Denmark (rep- 
resenting Greenland) have also pledged to 
bar their own vessels from fishing in the area 
until nations agree to sustainably manage 
CAO fisheries. 

Now, the Arctic nations want other coun- 
tries—particularly Asian 
nations such as China, 
Japan, and South Ko- 
rea that support globe- 
circling fishing fleets—to 
join this “precautionary 
approach.” U.S. officials 
have proposed a bind- 
ing pact that would put 
the CAO off-limits to all 
fishing until researchers 
learn enough to inform 
regulations. There is, for 
example, “a dearth of ba- 
sic information as to the 
species (fish and shell- 
fish in particular) found 
in” the region, an inter- 
national research team 
concluded last year. One 
priority, scientists say, 
is learning more about 
Arctic krill, crustaceans 
that are a key food for 
fish—and could be one of the first targets of 
commercial fishers. 

To fill some of those data gaps, Arctic 
nations are meeting with other countries 
in September in Tromsg, Norway, to shape 
a science plan. In the meantime, Bolton 
says next week’s talks in Washington rep- 
resent “the early days” of an effort to put 
Arctic fishing on a firmer footing. Nations 
that don’t have a direct stake in Arctic 
territory have said little publicly about 
the U.S. proposal, but the participation 
of Asian nations in initial discussions 
on the issue held last December is viewed 
as a sign of interest. And many partici- 
pants vividly remember the Bering Sea 
pollock disaster. “It’s that very experi- 
ence,” Bolton says, “that is driving us in the 
central Arctic.” 
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Dutch push for a quantum 


leap i in open access 
E.U. urged to free all papers by 2020 


By Martin Enserink, in Amsterdam 


ne of the perks of holding the ro- 

tating presidency of the European 

Union is that it gives a member state 

a 6-month megaphone to promote its 

favorite policy ideas. For the Nether- 

lands, which took over the presidency 
on 1 January, one surprising priority is open 
access (OA) to the scientific literature. Last 
week, the Dutch government held a 2-day 
meeting here in which European policy- 
makers, research funders, librarians, and 
publishers discussed how to advance OA. The 
meeting produced an Amsterdam Call to Ac- 
tion that included the ambition to make all 
new papers published in the European Union 
freely available by 2020. 

Given the slow pace with which OA has 
gained ground the past 10 years, few believe 
that’s actually possible, but the document is 
rallying support. Carlos Moedas, the Euro- 
pean commissioner for research, science, and 
innovation, favors an ambitious approach; 
OA will also be a key discussion point at a 
meeting of Europe’s ministers of research, in- 
novation, industry, and trade in Brussels in 
late May. “This is an orchestrated push on the 
European level that we have not seen before,” 
says Ralf Schimmer of the Max Planck Digital 
Library in Munich, Germany. 


SCIENCE sciencemag.org 


Whether all 28 E.U. states are ready to act 
remains to be seen, and even some OA ad- 
vocates are critical of the approach that the 
Netherlands has adopted for its own scien- 
tists: an emphatic choice for Gold OA, in 
which authors pay publishers to make their 
papers freely available. Many instead prefer 
Green OA, in which authors post a copy of 
each published paper in a public repository. 

Less than a quarter of newly published pa- 
pers are immediately available through OA; 
the rest remain behind a pay wall, some per- 
manently. Many scientists don’t care whether 
their papers are OA, preferring to publish in 
journals they know or ones with the highest 
impact factors, and many funding agencies 
aren’t forcing them to change. 

Keen to step up the pace, Sander Dekker, 
the Dutch state secretary for education, cul- 
ture, and science, announced in 2013 that 
the government aimed to make the entire 
Dutch research output available through OA 
by 2024. The main Dutch funding agency, 
the Netherlands Organisation for Scientific 
Research (NWO) in The Hague, joined the 
movement; it has made OA publishing com- 
pulsory for papers resulting from all research 
projects it funded after 1 January—with a 
preference for Gold OA. 

Meanwhile, the Association of Universities 
in the Netherlands has pushed for OA in its 


Published by AAAS 


Like other research funded by the Netherlands’s main 
science agency, findings from the Netherlands Institute 
for Radio Astronomy starting this year are supposed to 
appear in open-access publications. 


periodic collective bargaining rounds with 
big publishers over journal subscriptions. 
Springer, Wiley, and Sage have all agreed 
to make research papers on which the cor- 
responding author is from the Netherlands 
available OA, even if it appears in a non-OA 
journal; Elsevier has agreed to do the same 
for 30% of such papers by 2018. The universi- 
ties and NWO hope that these Big Deals, as 
they are known, will eventually help foment a 
Big Flip, in which Gold OA journals supplant 
subscription journals. 

Stevan Harnad, a veteran OA advocate 
at the University of Québec, Montreal, in 
Canada, does not think the European Union 
should embrace that strategy—he calls it 
“fool’s Gold”—because publishers are unlikely 
to view a flip toward Gold OA as being in 
their interest. Requiring authors to archive 
free versions of their papers is a better way 
to accelerate the pace, he says. But Dekker 
says Gold OA acknowledges that publish- 
ers provide a valuable service—and a prob- 
lem with Green OA is that many publishers 
allow authors to self-archive a new paper 
only after a months-long embargo. “It’s like 
with justice,’ Dekker says: “Access delayed is 
access denied.” 

The Netherlands is attempting a solution 
to the embargo problem: urging scientists to 
deposit the “pre-peer review,’ or submitted, 
version of a manuscript as soon as the paper 
appears. “That’s a huge mistake,’ Harnad 
contends, because that version doesn’t in- 
clude changes, sometimes substantial, made 
at the journal’s behest. NWO Chairman Jos 
Engelen says the posted version will make 
that clear; although “less than ideal,’ the so- 
lution is “better than nothing,” he says. 

Harnad offers another solution. Reposi- 
tories could post the article immediately 
behind a wall that opens once the embargo 
ends; until that time, anyone who wants a 
copy can press a button to request the paper 
from the author, who can honor the request 
with a single click. Many U.K. repositories 
already have “button-mediated OA,’ says 
Harnad, who adds that it’s much the same as 
asking an author for a paper by email. 

To the European Commission, Green and 
Gold both are acceptable, says Robert-Jan 
Smits, director-general for research and in- 
novation. He hopes the European Union’s 
ministers will adopt the 2020 target when 
they meet next month, along with other mea- 
sures to promote data sharing. The meeting 
“will be like a D-Day” for OA, Smits says. 
“Tt will become clear which ministers are 
really committed.” & 
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Megaproject asks: What drove the Vikings? 


Researchers suggest that the nature of pre-Viking society spurred a drive for slaves 


By Andrew Lawler, in Orlando, Florida 


n 8 June 793 C.E., a band of foreign 

warriors attacked the Christian mon- 

astery of Lindisfarne on the English 

coast, wrecking the church, killing the 

monks, and making off with all the 

treasure their ships could hold. This 
brutal attack has long been thought to mark 
the start of Viking aggression. But archaeo- 
logist Neil Price of Sweden’s Uppsala Univer- 
sity suspects that the roots of the Viking era 
go back long before this raid. 

Armed with a $6 million grant—a princely 
sum in archaeology—Price and his col- 
leagues want to know the extent to which 
a need for captive labor and overseas wives 
helped drive Viking expansion, transform- 
ing the provincial Scandinavian sailors and 
fur traders of the earlier Vendel period into 
international explorers and marauders. “The 
social processes are going on long before” the 
Lindisfarne raid, Price said after his talk at a 
symposium on Vikings at the annual meet- 
ing of the Society for American Archaeology 
here last week. “We can erase this boundary 
between the Vendel and Viking eras.” 

A few kilometers from Price’s office at Up- 
psala, Viking leaders and warriors gathered 
each spring to plan raids on distant lands. 
Now, Price plans his own assault, gathering 
specialists from across Europe to nail down 
the social and economic forces that spurred 
the Viking phenomenon. At the meeting, he 
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and his colleagues laid out research plans 
and discussed preliminary finds. Rather than 
excavate, the team intends to use the Swed- 
ish Research Council’s largest ever archaeo- 
logical grant to reexamine spectacular exist- 
ing finds using modern methods such as iso- 
topic analysis. 

“Price’s project goes to the core of the 
question that all Viking scholars ask: Why 
the Vikings?” says Jan Bill, an archaeologist 
at Oslo’s Museum of Cultural History. “Just 
putting some order into the old excavations 
and publishing them properly will tell us 
a lot about the background to the Viking 
age,” adds archaeologist Marek Jankowiak 
of the University of Oxford in the United 
Kingdom, who specializes in the period but 


Doubled-edged swords like this one from an Estonian 
ship burial show that Scandinavians far from their 
homeland fought fiercely before the accepted start 
of the Viking era. 
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also is not part of the project. 

The sudden and dramatic breakout by 
the Vikings has long puzzled scholars. The 
Lindisfarne raid inaugurated 3 centuries of 
expansion that led to settlement of Iceland, 
Greenland, and, briefly, Newfoundland in 
Canada. To the east, Vikings dominated the 
rivers of today’s western Russia and Ukraine, 
sent diplomats to Constantinople, and traded 
as far afield as Baghdad and North Africa. 

But although previous scholars identi- 
fied the raids as the start of the Viking era, 
Price stresses that their way of life began 
long before. In the Vendel period from about 
550 C.E. to 790 C.E., Scandinavians exported 
iron and furs and developed impressive sea- 
faring skills. And between 2008 and 2012, 
researchers discovered two ship burials on 
the edge of the Baltic Sea in Estonia, 250 kilo- 
meters from the Swedish coast. The burials 
are “the most significant Viking discovery of 
the last hundred years,” Price says—and they 
apparently predate the Lindisfarne raid by 
nearly a century, according to dating by radio- 
carbon and artifact styles. 

Found on the island of Saaremaa in the 
town of Salme, the two war boats served 
as graves for 40 men. In one, 33 men were 
stacked atop one another and covered with 
wooden shields. Elite soldiers were buried 
with elaborately decorated double-edged 
swords, and a man who appeared to be the 
chieftain clasped a sword with a jeweled 
hilt and held a gaming piece made of wal- 
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A ceremonial ship burial in Estonia is decades older 
than the supposed first Viking raid, in 793 C.E. 


rus ivory in his mouth. 

Working with Estonian collaborators, “we 
plan to throw massive science” at these an- 
cient vessels to glean everything possible 
about this period, Price said. He’ll also focus 
on some spectacular ship burials at Vals- 
garde, just outside of Uppsala, dated from 
the sixth century to the 11th century. The 
area includes 60 tombs, including those of 
women, and hundreds of artifacts yet to be 
carefully analyzed. 

Price and his colleagues wonder whether 
the burials will yield evidence of slavery, 
which they increasingly see as a powerful 
factor driving the Viking expansion. Price 
said the need for slaves may have begun dur- 
ing the Vendel era, when the fast-growing 
fleet of ships demanded an enormous num- 
ber of massive woolen sails. This required 
transforming land into pasture for sheep, 
producing wool, and making sails—a labor- 
intensive craft. A single 90-square-meter sail 
might take a single person up to 5 years to 
produce, said Ben Raffield, an archaeologist 
at Simon Fraser University 
in Burnaby, Canada, who is 
involved in the project. Price 
adds that “each ship needed 
two sails, and there were 
hundreds of ships,’ raising 
the possibility that slave la- 
bor was needed to maintain 
the fleet. 

Historical sources make 
it clear that the “Vikings 
were taking, transporting, 
and selling slaves,” Raffield 
said in his talk. He estimates that slaves 
comprised as much as 25% of Scandinavia’s 
population. Norse sagas mention slaves— 
“thralls” in Old Norse—who were often 
given pejorative names like Stinky, Stumpy, 
and Stupid. But compelling archaeological 
evidence has been elusive. Iron manacles 
and collars hint at slavery, but might have 
been used for prisoners or dogs. Raffield 
plans to search for evidence of special ves- 
sels designed to carry captives. 

Other archaeologists have found tanta- 
lizing hints of slavery in existing remains. 
About one in 25 male Viking burials in Swe- 
den and Norway includes teeth incised with 
deep grooves. The marks were long thought 
to indicate a warrior class, but at least some 
of these men were decapitated and placed 
in a burial with another man, said Anna 
Kjellstr6m of Stockholm University, who 
is also part of the project. “You can make 
a strong argument that these were special 
slaves who were ritually killed” upon the 
death of their master, she said in her talk. 
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“The ‘business 
model’ of the Baltic 
Vikings appears to 
have depended on 


[slavery].” 


Marek Jankowiak, 
University of Oxford 


“The slaves may have been in front of us all 
the time.” The team plans extensive isotopic 
analysis to discover whether the victims were 
local or recent, perhaps involuntary, arrivals. 

The research program also will analyze 
changes in Viking society as shown by land 
use. For example, by the 10th century, archi- 
tectural clues to slavery become clear. At a 
site outside Stockholm near today’s Ikea, a 
small round hut dug into the ground sits on 
a slope above a large manor house. The hut 
appears to have been the living quarters for 
slaves at the height of Viking prosperity, said 
Charlotte Hedenstierna-Jonson of Stockholm 
University. At another Swedish site, Sanda, a 
large house is surrounded by much smaller 
structures, possible slave quarters. “It’s not 
going too far to see these as the big house on 
a plantation,” Price said. 

Other researchers praise the team’s inte- 
gration of details into a fuller picture of Ven- 
del and Viking society. “It is now clear that we 
cannot fully understand the Vikings without 
taking into account slave hunting and slave 
trade,’ Oxford’s Jankowiak said. “The ‘busi- 
ness model’ of the Baltic Vikings appears to 
have depended on it.” 

The team also will tackle 
the disturbing issue of sex- 
ual slavery. There are hints 
of polygyny in Germanic 
cultures from this time, 
though researchers aren’t 
sure of its extent in Viking 
society or in the Vendel era. 
But if it were prevalent, 
Price speculates, poorer 
men would have been eager 
to seek wives outside Scan- 
dinavia. Researchers hope 
to understand more by pulling together DNA 
and other data to determine relations and 
origins among Viking dead. 

The argument that Vikings set out to cap- 
ture women gets tantalizing support from 
recent genetic studies of living people in Ice- 
land, which has not experienced a significant 
migration since the Vikings settled it more 
than a thousand years ago. About three- 
quarters of male Icelandic settlers hailed 
from what is today Norway, although well 
over half of the women were from the British 
Isles, according to genetic studies of today’s 
Icelanders. That suggests that Viking men 
partnered with British women on a mas- 
sive scale. “We must be talking about some 
degree of coercion,” Price said. His team will 
emphasize examining the remains of Viking 
women—long understudied—to understand 
their origins. 

Price adds that much more work is re- 
quired to understand the emergence of the 
Vikings’ raiding society. “This is just the start 
of a decade of research,” he says. 
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Obsolescence 
looms for 


balloon data 


United States falls behind 
Europe in adopting modern 
data format 


By Eric Hand 


wice a day, hundreds of hydrogen- or 
helium-filled balloons lift off from 
stations around the world, carrying 
temperature, pressure, and humid- 
ity sensors. Each balloon, a meter or 
two in diameter when it’s released, 
rises more than 30 kilometers, radioing 
data to ground stations; then it bursts and 
the instrument box parachutes back to 
the ground. Balloons, or radiosondes, are 
still critical to weather forecasting. But 
the 75-year-old system—or at least its data 
infrastructure—is showing its age. 

The operators of more than three-quarters 
of the world’s 800 weather balloon stations 
still produce data in an antiquated alpha- 
numeric format, and have failed to meet a 
2014 deadline to adopt a new, more power- 
ful binary format. Some weather forecasters 
and climate modelers who use balloon data 
have also failed to switch over: The United 
States’s Global Forecast System (GFS), for 
example, can’t read the new binary data. As 
nations turn off the old alphanumeric data 
streams, unprepared researchers and agen- 
cies are facing data gaps. 

“It’s going to affect a lot of people who 
don’t even realize it’s going to affect 
them,” says Patricia Pauley, a meteoro- 
logist at the Naval Research Laboratory in 
Monterey, California. 

Balloon data are shared freely among the 
world’s meteorological agencies, and the 
on-the-spot observations both supplement 
and ground-truth the satellite data that are 
now the mainstay of weather forecasting. 
“Radiosondes are still very important, for 
numerical weather prediction and also for 
climate studies,’ says Bruce Ingleby, a meteo- 
rologist at the European Centre for Medium- 
Range Weather Forecasts (ECMWF) in 
Reading, U.K. 

But the balloon data themselves have been 
stuck in the past. The alphanumeric format, 
called TEMP, dates to 1946, when data trans- 
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missions were too expensive to pro- 
vide high resolution. To economize, 
the format reports temperature in 
steps of 0.2°C, rounds high altitudes to 
the nearest 10 meters, and divides the 
whole atmosphere into just 100 levels. 
And because TEMP is a fixed format, 
researchers can’t add new types of 
measurements without changing 
hardware and software worldwide. 

In 1988, the World Meteorological 
Organization (WMO) approved a new 
set of codes, called the Binary Uni- 
versal Form for the Representation 
of meteorological data (BUFR). This format 
is now the international standard for satel- 
lite data and surface observations. In 2003, 
WMO ordered all radiosonde operators to 
switch to BUFR by November 2014. Austra- 
lia and most European nations have done 
so, and have reaped benefits. For example, 
BUFR allows atmospheric readings to be 
taken as often as every second, leading to 
thousands of levels per balloon flight, rather 
than 100. BUFR also is better for tracking 
the effect of wind on GPS-equipped balloons, 
which can drift hundreds of kilometers 
during flight. 

But with no way to enforce its man- 
dates, WMO’s effort to wean nations from 
TEMP to BUFR has been like “herding 
cats,” says Yves Pelletier, chief of data, 
performance, and standards at the Cana- 
dian Meteorological Centre in Dorval. For 
meteorologists, who for three generations 
were used to reading the alphanumeric codes 
straight from the balloons without special 
decoding software, the change marks a ma- 
jor culture shift, he says: “They have a bit of 
trouble envisioning that things can operate 
differently.’ The cost of switching software, 
hardware, and networks so that a station 
can accommodate BUFR is another obstacle, 
Pelletier says. That’s why only about half of 
Canada’s 31 weather balloon stations have 
migrated to BUFR, he says; the holdouts are 
remote stations in the far north, where the 
cost of changing infrastructure is higher. 

Many nations, such as the United States, 
India, and China, tried to abide by the WMO 
mandate by taking a shortcut: packaging 
TEMP data in a binary wrapper that mim- 
ics BUFR data. But experts say this “re- 
formatting” approach leads to errors with- 
out tapping into BUFR’s innate advantages. 
“Tt does not accomplish the migration,” 
Pelletier says. “It accomplishes nothing.” 

Forecasters who use balloon data in mod- 
els have also been slow to embrace the new 
format. Some forecast centers, such as EC- 
MWF, now blend the old TEMP data with 
data from stations that have switched to the 
new high-resolution BUFR data. But for oth- 
ers, retooling to decode BUFR hasn’t been 
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Weather balloons are 
released worldwide, 
even in Antarctica. 


urgent, because the stations broadcasting 
BUFR data have simultaneously streamed 
TEMP data. 

As of November 2014, however, TEMP is 
no longer an officially supported WMO code, 
which means that stations are free to turn 
off their TEMP streams. One of the first was 
a set of about a dozen European cargo ships 
that release weather balloons as they criss- 
cross the North Atlantic Ocean. The cost of 
satellite data transmission from these ships 
is high, and so in 2014 they began transmit- 
ting only the new format. That’s a major 
loss for centers that rely on TEMP, because 
ocean data are so sparse. Then, in January of 
this year, Spain stopped transmitting TEMP. 
The Netherlands and Cyprus have also an- 


nounced plans to turn off their TEMP 
streams. Ingleby says as the data gaps 
multiply, forecasters will move more 
quickly to upgrade their systems. “It 
is going to be an incentive,” he says. 
“Tt’s more stick than carrot.” 

The U.S. National Oceanic and At- 
mospheric Administration (NOAA), 
which oversees the National Weather 
Service’s GFS, says that it hopes to 
be capable of using BUFR data in its 
models by the end of 2016. It also has 
a plan to upgrade its radiosondes to 
BUER by early 2017. 

The changeover to BUFR could shake up 
researchers as well. Larry Oolman, a me- 
teorologist at the University of Wyoming 
in Laramie, has for 20 years maintained a 
website from which researchers can down- 
load radiosonde data for case studies or re- 
gional models. Oolman gets the TEMP data 
from WMO and translates them to text files. 
On a slow day, he says, he gets 130,000 re- 
quests for data from around the world. But 
now that the TEMP stream from places 
like Spain is gone, researchers are contact- 
ing him to ask why data are disappearing. 
Oolman says he, too, is going to have to write 
some software to translate BUFR data. “I’m 
going to have to figure out how to redesign 
everything,” he says. @ 


Leaden balloons 


Most of the world's 827 weather balloon stations still produce data in an antiquated, alphanumeric format that 
dates to the 1940s. Only 22% of the stations use the modern binary format that was supposed to have been 


adopted internationally by 2014. 
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Rural China ts no country for old people 


Erosion of families sparks an epidemic of suicides among the elderly 


By Kathleen McLaughlin, 
in Zhangijiajie, China 


arly before breakfast one summer 

morning in 2014, Xiang Yougyu 

stepped outside her family home 

in this bucolic mountain village 

and hanged herself from an orange 

tree a few feet from the front door. 
Xiang, then 74, had some minor health 
complaints, and was a “sensitive” person, 
says her husband, Shu Haogui. “She took 
things too hard.” But he never 
imagined she would take her 
own life. 

The tree where Xiang killed 
herself has been cut down, and 
life in the village carries on 
much as it has for the past few 
decades. As in other parts of 
rural China, it’s mostly empty- 
nesters who do the farming here. 
Young and able-bodied people, 
like Shu’s 20-year-old grandson, 
migrate to cities for work as Chi- 
na’s epic urbanization rolls on. 
The shift has brought prosper- 
ity, but sociologists also blame 
it for a troubling rise in elderly 
suicide rates. 

“A lot of people say elder 
suicide is a natural thing. 
This rate we are seeing is 
not natural,” says Jing Jun of 
Tsinghua University in Beijing. 
Worldwide, suicide rates are 
highest among people over 70, 
according to the World Health 
Organization (WHO); in the 
United States, the rate for people over 65 
is about 15 per 100,000. In China’s urban 
areas, suicide rates for people aged 70 to 
74 nearly tripled from 13.4 suicides per 
100,000 people from 1991 to 1999, to 33.8 
per 100,000 from 2002 to 2008, according 
to data compiled by the Chinese health 
ministry’s disease surveillance network and 
WHO. But in rural China, Jing says, the sui- 
cide rate is about 47 per 100,000—“a situa- 
tion rarely seen elsewhere in the world.” It’s 
“no exaggeration to call this a public health 
crisis,” says Liu Yanwu, a sociologist at 
Wuhan University. 

The epidemic’s roots lie in the unravel- 
ing of traditional family life in China. In 
the March issue of the Journal of Social 
Issues, sociologist Xue Bai of Hong Kong 
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Polytechnic University and colleagues de- 
scribe how elderly Chinese “face a number 
of challenges with respect to maintaining a 
positive view of themselves.” As economic 
development and urbanization lure able- 
bodied young people out of villages and 
into China’s massive migrant workforce, 
many elderly people are left behind to fend 
for themselves. 

The exodus includes the young women 
who once helped care for the elderly. In 
the past, a daughter-in-law was expected 


Shu Haogui’s wife hanged herself from an orange tree when she was 74 years old. 
She was “sensitive,” he says, but he never imagined she would take her own life. 


to take care of the entire family, including 
her husband’s aging parents. Many women 
have instead joined the workforce. Greater 
prosperity has helped lower the suicide 
rate for all ages, especially among women: 
China no longer holds claim to being the 
only country in the world where female 
suicides outnumber male ones. Overall, 
China’s suicide rate fell from 23.2 per 
100,000 in 1999 to 9.8 per 100,000 in 2011, 
according to a 2013 study from the Univer- 
sity of Hong Kong. 

But the factors behind that positive 
trend have also isolated the elderly. Ru- 
ral elderly typically see their children 
and grandchildren only during Chinese 
New Year. Neither the government nor 
the private sector has stepped in to fill a 
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gap in basic care for elderly people. The 
problem will only worsen: Roughly 15% 
of China’s population today is more than 
60 years old; by 2050, that is expected to rise 
to 39%. 

China’s new 5-year plan acknowledges 
that the country’s aging population is a 
paramount concern. Beginning next year, 
the central government will gradually hike 
the official retirement age to 55 for women 
and 60 for men—a move that could help 
seniors in those age groups feel less iso- 
lated and more valuable to soci- 
ety. But those who study China’s 
elderly say much more must be 
done, such as building more 
elderly care facilities and fill- 
ing gaps in the national health 
insurance program. In Beijing, 
the waitlist for nursing home 
facilities is 7 years long, Jing 
says. In the countryside, nurs- 
ing homes are even scarcer. “In 
a culture that plays up filial pi- 
ety, it just contradicts every cul- 
tural expectation we have,” Jing 
says. “There has to be another 
way of thinking about getting 
old in China.” 

Sociologist Zhou Liang of the 
Xiangya School of Medicine in 
Hunan is experimenting with 
ways to engage elderly people 
and reduce their isolation. Ini- 
tially, his team tried creating 
community groups in rural 
areas. The researchers found, 
however, that those most at risk 
of suicide did not participate. 
Now, Zhou’s project works to identify com- 
munity leaders in villages and tasks them 
with checking in on older people regularly. 
Engaging in simple conversation some- 
times is enough to ward off depression, 
he says. 

Zhouw’s group is also conducting exten- 
sive interviews with hundreds of families 
who have lost an elderly member to sui- 
cide. The surveys, Zhou hopes, will provide 
additional clues to how China can tackle 
the largely unseen epidemic. 

“If this was happening among _ col- 
lege students, there would be major 
headlines,” Zhou says. “The rural elderly 
truly are China’s invisible people.” 


Kathleen McLaughlin is a writer in Beijing. 
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THE SAVIOR CELLS? 


After a painstaking journey, researchers are preparing to test 
stem cell therapy in ailing fetuses 


t the time of his birth, 41 years ago 
in Germany, Oliver Semler had al- 
ready fractured one bone, a pencil- 
thin rib. That, his bowed femurs, 
and a second fracture at 2 days old 
told doctors he had osteogenesis 
imperfecta (OI), a debilitating ge- 
netic disease in which brittle bones 
break easily and often—from being 
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By Jennifer Couzin-Frankel 


jostled at school, for example, or slipping on 
wet leaves outdoors. Or even, as in Semler’s 
case, from acrobatics in the womb. “I had a 
cast two or three times a year,’ says Semler, 
who’s lost count of his fractures but endured 
27 surgeries to repair the worst of them. “For 
my colleagues at school, it was normal. Oliver 
is not there 2 or 3 days, and he comes back to 
school with a cast.” 
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Improbably, given the severity of 
his disease, Semler avoided life in a 
wheelchair—though his growth was stunted 
and he stands 4 feet 8 inches tall. He at- 
tended medical school and became a pe- 
diatrician at the University of Cologne 
in Germany, where he cares for about 
250 children with his condition. Semler is 
now preparing for a first in OI and well 
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beyond: a clinical trial of a stem cell treat- 
ment for afflicted fetuses, which aims to 
give them a healthier start to life than he 
had himself. 

The trial, still being planned, is one of a 
handful being designed in Europe and the 
United States for arguably the trickiest pa- 
tient population there is: pregnant women 
and their fetuses. After decades of hopes 
raised and dashed, pediatricians, immuno- 
logists, and others are cautiously hopeful 
that new biological insights and a push for 
treatment from parents-to-be could turn 
the tide for prenatal stem cell therapy. “I 
think [there’s] a lot more of an understand- 
ing about what’s feasible, what’s safe, what’s 
ethical,” says Anna David, who studies fetal 
therapy at University College London and is 
collaborating with Semler on the OI trial. 

Even trials with just 30 or so mothers, 
the target for the OI study, require hercu- 
lean effort: a dozen academic and industry 
partners, tens of doctors, millions of dollars. 
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Afflicted by a bone disease he now treats, 
Oliver Semler hopes a new therapy can 
arrest it before birth. 


A high-profile failure—or worse, injury to 
the mother or her fetus—could set the field 
back decades. “That’s what keeps me up at 
night,’ David says. “Safety, trying to tick all 
the boxes, thinking as much as possible” 
about everything that could go wrong. 
Some fetuses have already been treated on 
an ad hoc basis, with encouraging results, 
and that’s one factor spurring the trials. But 
so is the chance that a vial of the right cells, 
administered at the right moment, could ar- 
rest a devastating disease before birth. 


BACK IN THE 1980s, when Semler was in 
elementary school, hopes ran high for treat- 
ing fetuses with stem cells. Because the fe- 
tal immune system is still developing and 
some of its sentries, such as the T cells, are 
not fully functional, doctors believed that 
fetuses would easily accept foreign cells— 
unlike even a baby, who might need chemo- 
therapy or other toxic treatment to suppress 
the immune system. The transplanted cells 
would flourish into healthy blood cells, 
immune cells, or other elements the fetus 
lacked, the thinking went, thereby halting 
damage that a disease was already inflicting 
in the womb. Maria Grazia Roncarolo, then 
a young pediatric immunologist, remem- 
bers the heady days in Lyon, France, where 
this theory was put to the test. 

In 1988 and 1989 at Edouard Herriot 
Hospital, two fetuses whose blood cell 
markers showed they had severe immune 
disorders became the first ever to receive 
a cell transplant. Doctors led by Jean- 
Louis Touraine infused them through the 
umbilical vein with blood stem cells from 
7- to 10-week-old aborted fetuses. Roncarolo 
helped monitor the first baby after he was 
born. With a little boy wriggling in front of 
her, “I was really totally excited,” she says. 
“T thought that I found a way to cure ev- 
ery genetic disease. In my complete young 
naiveté, I thought I’'d found a solution.” 

A third fetus brought everyone back to 
Earth. Instead of an immune deficiency, 
this one had thalassemia, a life-threatening 
blood disorder. Hoping to treat the fetus 
when its immune system was especially 
primitive and the disease in a nascent stage, 
doctors infused stem cells into the fetus’s 
abdominal cavity at just 12 weeks’ gestation. 
To their shock, the cells were rejected and 
the transplant failed. 

“The assumption we had that the fetus 
was tolerant [of foreign cells] was wrong,” 
Roncarolo says. Brutally disappointed, she 
overhauled her career, returned to basic 
research, and now works at Stanford Uni- 
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versity in Palo Alto, California, where she 
studies stem cell transplants and immune 
tolerance. Meanwhile, the rest of the Lyon 
team persevered, but outcomes were dis- 
mal. Two fetuses died before birth from the 
treatment; in two others the cells—all from 
aborted fetuses—didn’t engraft. At that 
point, the doctors halted their efforts. 

Outwardly, interest in stem cell therapy 
for fetuses faded. But behind the scenes, a 
small cohort of researchers embarked on 
a years-long journey to understand why it 
hadn’t worked when immunology suggested 
it should. Pregnancy is a unique setting, 
with two genetically distinct beings that 
intertwine without rejecting each other—a 
setting that, in theory at least, should offer 
an opening for cell therapy. 


As a child, Oliver Semler had repeated fractures. 


In the late 2000s came a string of discov- 
eries that helped explain both the successes 
and the failures. For one thing, researchers 
learned that fetal T cells are, in fact, able to 
reject foreign invaders—whether a microbe 
or a cell transplant—more readily than 
thought. Later, other researchers found that 
it probably wasn’t just the fetus that had 
doomed those earlier cell transplants. Ma- 
ternal immune cells are inevitably circulat- 
ing through the fetus, and in mouse studies, 
these cells rebelled against the donor cells. 

A group led by Mike McCune at the Uni- 
versity of California, San Francisco (UCSF), 
however, discovered an encouraging phe- 
nomenon: Some of the fetus’s T cells are 
primed to convert to so-called T-regulatory 
cells, which can tolerate outsiders, particu- 
larly cells from the mother. In mice, “if you 
match the transplant to the mom, [nearly] 
all of the fetuses you transplant can en- 
graft,’ says Tippi Mackenzie, a pediatric 
surgeon at UCSF. She began wondering 
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whether donor cells from the mother might 
be the most likely to get accepted. “It was 
this eureka moment,” she says. 

Mackenzie and others also found that in 
animals, higher doses of donor maternal 
cells were more effective, and that inject- 
ing them into the fetal bloodstream further 
enhanced success. In humans, this becomes 
possible after 18 weeks’ gestation, by fun- 
neling cells through the umbilical vein. 


AS SCIENCE PLUGGED ALONG, desperate 
parents sought drastic solutions. In early 
2002, Stefan and Madeleine Karlsson, liv- 
ing in Uppsala, Sweden, and pregnant with 
their first child, were riding a roller coaster 
of uncertainty. A 20-week ultrasound had 
raised red flags, but additional testing turned 
up nothing. At 25 weeks, doctors “discovered 
that something was wrong,” Stefan Karlsson 
recalls. “After this we did ultrasounds every 
week, and the next week all was fine, and 
the week after that something was wrong 
again, but no one knew what.” At 30 weeks’ 


gestation—a little more than 2 months be- 
fore normal delivery—doctors shipped off 
fetal cells for analysis. The results were dev- 
astating. The Karlssons learned that their 
daughter had OI, later diagnosed as the most 
severe form, type III. Only one other child 
in the world, in Canada, has been identified 
with the same mutation. That baby died at 
5 months old. 

The Karlssons were referred to the Karolin- 
ska University Hospital in Stockholm, where 
physicians proposed a radical strategy: Har- 
vest a specific type of stem cell from the liver 
of an aborted fetus and infuse it through the 
umbilical vein into the fetus that Madeleine 
was carrying. The family agreed. 

“We transplanted about 6 million cells,’ 
says Cecilia Gotherstr6m of Karolinska, who 
produced the cells. The stem cells used, mes- 
enchymal stem cells (MSCs), are thought to 
elicit a less vigorous immune reaction than 
blood stem cells, and MSCs can develop into 
bone, along with other connective tissues. 
The hope was that MSCs would take hold and 


Gene therapy gets a high-stakes test 


By Jennifer Couzin-Frankel 


t University College London, Anna 

David is developing a clinical trial 

even more radical than prenatal 

stem cell therapy: the first ever 

test of gene therapy in pregnancy. 
David cares for mothers and their 
fetuses suffering from fetal growth 
restriction (FGR), which affects about 
7% of pregnancies. Blood flow to the 
placenta falters, often for unknown 
reasons, and many babies are born, 
and die, far too early. 

FGR can be diagnosed by ultra- 
sound, but there’s no treatment. So 
David plans to send a new gene to the 
placenta via the mother’s blood supply. 
She hopes to begin enrolling pregnant 
women sometime next year. David, 
who first proposed the study back in 
2008, says it’s been a slog to get to this 
point. “People don’t want to test out 
therapies in pregnancy.” 

When that treatment is gene therapy, 
the jitters magnify exponentially. Gene 
therapy has had a checkered history in 
children and adults, with side effects 
including cancer and at least one 
death. So rather than introduce new 
genes to the fetus itself, “we’ve tried to 
be a little bit more clever,’ David says, 
by targeting the uterine arteries. 
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Working in animals, David has 
generated evidence that overexpressing 
the vascular endothelial growth factor 
(VEGF) gene, which promotes blood 
vessel growth and flow, might help. As 
a vector for the gene, she’s using a well- 
studied adenovirus that is designed 
to disappear fairly quickly, and that 
doesn’t cross the placenta to the fetus. 

David's team has received nearly 
$8 million, most of it from the European 
Medicines Agency, to fund the project, 
whose acronym aptly spells EVERREST; 
it also includes a natural history study of 
FGR and reproductive toxicology work. 
With a pilot trial she hopes will begin 
in 2017, David anticipates offering gene 
therapy to between 15 and 24 women. 

In utero gene therapy is “pretty rough 
going,’ notes Timothy Crombleholme, a 
fetal and pediatric surgeon at Children’s 
Hospital Colorado in Denver, who is 
trying to treat intrauterine growth 
restriction in animals by transferring 
a different gene—insulinlike growth 
factor 1—into the placenta. Ultimately, 
he believes, “the risk-benefit ratio would 
swing heavily towards treating in utero 
as long as we've done our due diligence.” 
For families, that time may already have 
arrived, especially when the alternative 
is bleak: doing nothing or delivering the 
baby—and hoping she survives. 
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produce new, healthy bone. 

The transplanted cells were not a genetic 
match for the mother or the fetus, whom the 
Karlssons would name Olivia. Nonetheless, 
at least some of them engrafted: When Olivia 
was 9 months old a bone biopsy revealed do- 
nor cells mixed in with her own. 

At first Olivia did better than the doctors 
anticipated. But around her sixth birthday 
she began to deteriorate and suffered a spate 
of fractures. Eventually, Gétherstr6m and 
her colleagues retransplanted Olivia with 
more MSCs from the same donor tissue. 
Olivia’s fractures abated, and she has been re- 
transplanted every 4 years since. Now 
14 years old, she has not had a fracture in 
18 months, surprising her doctors. Olivia’s 
father says she swims for physical therapy, 
enjoys sewing, arts and crafts, and, like most 
teenagers, shopping for clothes and spending 
time with her friends. 

Gotherstr6m knows that, without a con- 
trol group, there’s no way to be sure that 
MSCs helped Olivia. Still, heartened by 
Olivia’s experience, she and her colleagues 
later shipped fetal MSCs to Singapore for 
another treatment of a fetus with OI, and in- 
fused a third whose parents traveled to Swe- 
den from their home in Ireland; that child is 
now a toddler. And, with others, Gdtherstrém 
began laying the groundwork to test whether 
in utero therapy really was making a differ- 
ence. “We’ve got to do a clinical trial before 
people do this willy-nilly,’ says David in the 
United Kingdom—especially because interest 
in such treatments could surge as it becomes 
easier to diagnose serious disorders in utero. 

Two years ago, Semler and Gotherstrém 
met at a conference on OI in Wilmington, 
Delaware. Until then, Semler hadn’t consid- 
ered stem cell transplants a viable treatment 
for the disorder. But he knew better than al- 
most anyone that severe OI takes hold before 
birth, when the skeleton is still forming. On 
ultrasounds, doctors detect shortened leg 
bones and even fractures. Supplying MSCs 
as early as possible, Semler thought, might 
give a fetus a better chance to build healthy 
bone, without the side effects of a bone mar- 
row transplant after birth. And Gotherstrém 
believed that infusing the cells before birth 
had a better chance of working in part be- 
cause of differences in fetal circulation: Cells 
infused into the bloodstream are less likely 
to get stuck in the lungs and never make it 
to their destination than they are in a baby. 

An OI trial, called BOOSTB4, is now edg- 
ing toward the starting line. Gdtherstrém, 
David, Semler, and others have secured more 
than $9 million from the European Union 
and Swedish Research Council, and are craft- 
ing their protocol. Starting later this year, 
they hope to begin recruiting 15 families 
across Europe with fetuses shown by ultra- 
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sound and DNA testing to have severe OI and 
in the second or third trimester infuse them 
with MSCs from fetal liver cells, just like 
those Olivia received. The babies will receive 
additional infusions after birth. They’ll be 
compared with another cohort of 15, who will 
receive MSC transplants only after birth, and 
with historical controls. All the children will 
be followed for 10 years, to see whether those 
treated in utero and afterward have fewer 
fractures, better bone mineral density, better 
growth, and better quality of life. 

“We are not aiming for a cure,” cautions 
Gotherstrém. “It’s not that they will get 
up from a wheelchair and start running.” 
Rather, she hopes that halving the number 
of fractures, which, along with demonstrat- 
ing safety, is the trial’s goal, will make a ma- 
jor difference to patients and families. And 
simply pulling off a trial like this one “could 
open up a wider field of other disorders being 
treated” before birth, she says. 


IN THE UNITED STATES, Mackenzie’s 
group and another have embraced a dif- 
ferent approach: treating fetuses with 
blood stem cells culled from their moth- 
ers, the strategy she began exploring in 
animals almost a decade ago. Last month 
she filed a request with the U.S. Food and 
Drug Administration to offer hematopoietic 
stem cells to fetuses with a thalassemia, a se- 
vere form of the disease that is fatal before or 
soon after birth. Prenatal cell therapy failed 
for thalassemia nearly 30 years ago, but 
Mackenzie hopes for a different outcome 
this time. 

Because the cells come from the mother, 
she expects them to be better tolerated and 
will infuse a much higher dose into the um- 
bilical vein after 18 weeks’ gestation. “If that 
trial doesn’t work, then we would like to go 
earlier,’ Mackenzie says, potentially by inject- 
ing cells into the fetus’s heart. 

Alan Flake at The Children’s Hospital 
of Philadelphia (CHOP) in Pennsylvania is 
planning a similar clinical trial of maternal 
stem cells in fetuses with sickle cell anemia, a 
painful, debilitating disease that often short- 
ens life. (Flake led the only known fetal stem 
cell transplant in the United States. Done in 
the mid-1990s on a fetus with a severe im- 
mune deficiency, it used stem cells donated 
by the father, and was considered largely suc- 
cessful.) Flake declined to speak with Science, 
citing a hectic schedule and concerns about 
hyping a treatment not yet in trials, but in 
a video on CHOP’s website he was upbeat. 
“The research results are absolutely convinc- 
ing that we can achieve a cure of sickle cell 
disease,” Flake says. The hospital is raising 
several million dollars to support a trial. 

The medical risks of in utero cell trans- 
plants are generally considered modest, 
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A mother’s gift of cells 


One strategy for fetal stem cell therapy involves using maternal 
cells as a treatment for fetal blood diseases like thalassemia. 


1 The mother undergoes 
a bone marrow harvest 
so that doctors can 
collect blood stem cells. 


2 The collected cells are 
processed for several 
hours, and hematopoietic 
stem cells are separated 
out from the mix. 


3 The stem cells are 
injected through the 
mother’s abdomen into the 
umbilical vein of her fetus, 
under ultrasound guidance. 


4 The mother's stem cells 
begin circulating through 
the fetus’s bloodstream and 
develop into different types of 
blood and immune cells. 
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though they include pregnancy loss. Similar 
procedures, such as fetal blood transfusions 
for anemia, are already offered. But some 
worry about risk that may come after birth. 
“We are relying on the idea that the stem cells 
will proliferate and differentiate into what 
we want,” says David Chitayat, a medical ge- 
neticist at The Hospital for Sick Children in 
Toronto, Canada. Chitayat wonders whether 


“We've got to do a clinical 
trial before people do this 
willy-nilly.” 


Anna David, University College London 


proliferation could proceed in unexpected 
ways, for example leading to tumors—a 
worry that cuts across many stem cell thera- 
pies. (Mackenzie notes that it shouldn’t be a 
problem for her strategy, because she plans 
to use the same kind of cells as bone marrow 
transplants, which haven’t caused tumors.) 
Some also worry that the mother’s in- 
terests will be subsumed by her fetus’s, 
especially as fetal treatment programs are 
usually based in children’s hospitals, and 
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pediatricians consider the fetus their pa- 
tient. “There’s a person who has that uterus 
in her body” that needs to be accessed, says 
Anne Drapkin Lyerly, a bioethicist at the 
University of North Carolina, Chapel Hill, 
who has studied fetal surgeries for spina 
bifida and other conditions. Any treatment 
will affect not just the fetus, but “the people 
who are going to be caring for this baby,’ she 
says. Lyerly admits she doesn’t know exactly 
how these concerns should be addressed, 
beyond careful attention to the mother’s 
experience, including how she may react if 
treatment causes pregnancy loss. 

The doctors driving these trials are acutely 
aware of the risks, but emphasize that the 
conditions they aim to treat cause lifelong 
suffering and often early death. If prenatal 
stem cell therapy proves successful and safe, 
ethicists and other physicians agree, it could 
be life-changing. And as Chitayat notes, “if 
you don’t start, you don’t know.” 

Sharing why he embraced cell therapy 
14 years ago, when his wife was 7 months 
pregnant and the field far murkier than it is 
today, Stefan Karlsson reaches for an answer 
any parent can appreciate. “For us it was that 
we did not see any drawbacks in trying stem 
cells, there were only advantages,’ he ex- 
plains. “And that it could help Olivia.” 
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Tackling mine wastes 


Global collaboration is needed to mitigate the 
environmental impacts of mine wastes 


By Karen Hudson-Edwards 


n 5 November 2015, the Fundao and 
Santarém mine tailings dams in 
Minas Gerais, Brazil, failed, releasing 
62 million m’ of sediment and water 
that destroyed homes, killed at least 
17 people, cut off potable water sup- 
plies, blanketed more than 650 km of rivers, 
and flowed into the Atlantic Ocean (see the 
photo). The tailings dam failure, the largest 
ever recorded (J), demonstrates many of the 


Department of Earth and Planetary Sciences, 
Birkbeck, University of London, London WC1E 7HX, UK. 
E-mail: k.hudson-edwards@bbk.ac.uk 


288 15 APRIL 2016 + VOL 352 ISSUE 6283 


diverse impacts of mine wastes. How can the 
potentially severe impacts of mine wastes 
and the risk of such disasters be reduced? 
Mine wastes are unwanted and uneco- 
nomic materials (including rock, sediment, 
tailings, metallurgical wastes, dusts, ash, 
and processing chemicals) that are found at 
or near mine sites in virtually every coun- 
try in the world (2). They often contain el- 
evated concentrations of elements such as 
antimony, arsenic, cadmium, copper, lead, 
uranium, and zinc. As a result, mine wastes 
can be toxic, corrosive, or radioactive, or a 
combination of these. They can therefore 
pose threats to the health of organisms, 
plants, and humans if ingested from water, 
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soil, or food grown on the wastes, or inhaled 
as dust (3, 4). 

Mine drainage waters are classified as 
acid, circumneutral, or basic depending on 
their pH (5). Both acidic and basic mine 
wastes are corrosive and contain potentially 
toxic or radioactive elements. Globally, acid 
mine wastes, which arise mainly from the 
oxidation of iron-sulfide minerals such as 
pyrite, are the most common. Solid mine 
wastes often also have a physical as well as 
chemical impact on the environment. For 
example, they may cause excessive sedimen- 
tation of river systems, altering their natural 
geomorphological evolution and potentially 
suffocating aquatic life. Winds can spread 
these wastes in the form of dust, particularly 
in arid areas. 

Globally, most high-grade ores have al- 
ready been exploited. Contemporary mining 
therefore tends to focus on the extraction of 
lower-grade ores. As a result, current min- 
ing operations are associated with higher 
volumes of waste than previously produced. 
Historical mine wastes can, however, pose 
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hazards that are potentially just as serious as 
those resulting from contemporary mining. 
Mining has occurred since prehistory, and 
many great empires had active extractive 
industries. Over time, very large amounts 
of mining wastes have accumulated. Fur- 
thermore, past mining methods were less 
efficient, environmental protection legisla- 
tion did not exist, and toxic elements such 
as mercury were used extensively (as they 
are in some artisanal mining areas today) to 
extract ores such as silver and gold (6). 

There are many examples of histori- 
cal and contemporary mine wastes posing 
threats to the environment. For example, in 
August 2015, waste water and tailings from 
the Gold Creek Mine flooded into Cement 
Creek and the Animas River in Colorado, 
USA, turning them bright yellow. The spill 
was caused by the attempted remediation of 
historical mine wastes (7). 

Contemporary tailings dam spills often 
affect river basins that have a legacy of his- 
torical contamination. On 25 April 1998, the 
Aznalcdllar spill released ~4 to 5 million m? 
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Example of the environmental impact 
of mine wastes. After the 5 November 
2015 tailings dam failure in Minas Gerais, 
Brazil, mine waste flowed through the 
Doce River into the Atlantic Ocean. 


of liquid and tailings bearing arsenic, cop- 
per, lead, and zinc to the Rio Guadiamar in 
southwestern Spain (7). The tailings from the 
spill were removed from the floodplain dur- 
ing several cleanup operations, but later re- 
search revealed older contaminated alluvium 
underneath. As the river channel readjusted 
following the 1998 spill, this historically con- 
taminated sediment was eroded and carried 
downstream toward Donana National Park, a 
UNESCO World Heritage Site (8). 

Perhaps the most infamous _histori- 
cal mine wastes are those in the Rio Tinto 
Mining District in Andalusia, Spain. Here, 
more than 5000 years of mining and natural 
weathering of the sulfide ores have created 
a strongly acidic (pH < 3) 90-km-long river 
that bears arsenic, iron, copper, cadmium, 
nickel, lead, and zinc. Huge piles of waste 
rock have built up at its headwaters, and red- 
and yellow-colored alluvium is found along 
its banks. Gross metal fluxes from historical 
wastes of the Rio Tinto Mining District have 
a substantial impact on global and local el- 
ement fluxes: According to calculations by 
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Braungardt et al., 8.1% of the dissolved zinc 
flux and 1.6% of the dissolved copper flux in 
global rivers come from the Rio Tinto (9). 
Resuspended mine waste dust from the Rio 
Tinto area supplies 32% of the antimony, ar- 
senic, bismuth, cadmium, copper, lead, and 
zinc to the local atmosphere (4), although 
the mean composition of these elements is 
below the daily EU limit value of 50 ug m-°. 
The global footprint of historical and con- 
temporary mine wastes is clearly substantial. 
Jones et al. (10) estimated that 6% of English 
and Welsh rivers are affected by cadmium-, 
lead-, and zinc-contaminated discharges 
from historical mines and weathering of his- 
torical mining—contaminated sediments. In 
Bolivia, 35 km? of the Pilcomayo floodplain 
is covered with heavy metal-contaminated 
sediments that have been discharged as 
mining waste over the past 500 years (11). 
Lottermoser (2) suggested that ~1 million 
km? globally are covered with mine waste, 
amounting to several hundred thousand 
million tons of waste. Although this is a 
small percentage of Earth’s surface, much of 
it is in inhabited areas or areas of important 
biodiversity and natural beauty. 
Historically, the mining industry has been 
a vital economic driver, and the industry re- 
mains necessary for the global economy as it 
contributes jobs, social benefits, infrastruc- 
ture, wealth, and the vast array of goods 
that are part of everyday modern life. Mine 
wastes, too, can bring positive benefits. The 
Rio Tinto Mining District is used as a mar- 
tian analog field site. Along with other mine 
sites, the district is also a niche host to a 
large number of species of acid-tolerant mi- 
croorganisms (12) and metal-tolerant plants 
and organisms. Historical and contempo- 
rary wastes can also be recycled or remined 
to extract their economic commodities. 
Overall, however, the environmental im- 
pacts of mine wastes are negative. Around 
the globe, tailings dam accidents, physical 
weathering, and biogeochemical reactions 
lead to the remobilization of mine wastes 
from mine sites to the atmosphere, soils, 
water, and biosphere, posing risks to global 
ecosystem and human health. We lack knowl- 
edge of many of these environmentally criti- 
cal reactions. For example, we do not fully 
understand the biogeochemical behavior of 
many elements in mine wastes, including the 
elements bismuth, lithium, and tantalum, 
which are extensively mined today for use 
in modern technologies such as solar pan- 
els, batteries, and mobile phones. To predict 
future impacts, we also need to build knowl- 
edge of the influence of climate change on 
the rates of mine waste remobilization. 
Many modern mining operations manage 
mine wastes at their source, thus preventing 
their remobilization. In these operations, 
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funds are also put in place at the start of, and 
throughout, mining to pay for eventual clo- 
sure and remediation. Should such practices 
continue, the global impacts of mine waste 
remobilization could be reduced in the fu- 
ture. Nevertheless, the amounts of mine 
wastes are still rising substantially, and it is 
now time to make a concerted global effort 
to predict and mitigate the potentially nega- 
tive impacts of their remobilization. 

Consolidated databases and inventories 
for mine waste sites have been created for 
some countries, such as Ireland (13). Such ef- 
forts need to be extended to the whole world 
to determine the impacts of global mining 
on biogeochemical cycles and on human 
and ecosystem health. Information is re- 
quired on the locations, sizes, geochemistry, 
mineralogy, type of mining and processing, 
and other factors that will enable the global- 
scale sources, sinks, pathways, and fluxes of 
mine wastes to be quantified and their haz- 
ards identified. Such databases and research 
can be developed using existing information 
from academic studies, mining companies, 
and governmental surveys. However, ulti- 
mately they require the sponsorship and 
participation of funding agencies, govern- 
ments and nongovernmental organizations, 
and international bodies such as the United 
Nations Environment Programme (UNEP), 
the World Business Council for Sustain- 
able Development (WBCSD), and the Global 
Environment Facility to help with funding, 
data acquisition, implementing solutions, 
and raising global awareness of mine waste 
impacts and their remediation. 
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Mycorrhizal associates. Trees allocate carbon to ectomycorrhizal fungi such as Amanita muscaria. 


Underground networking 


Fungal networks transfer carbon between forest trees 


By Marcel G. A. van der Heijden’? 


Imost all land plants, including most 
trees, shrubs, and herbs, form sym- 
biotic associations with mycorrhizal 
fungi (J). These soil fungi acquire 
nutrients that they transfer to their 
plant hosts in exchange for carbon 
(see the photo). Plants in natural vegeta- 
tion can acquire up to 80% of nitrogen and 
phosphorus from their mycorrhizal associ- 
ates (2). Individual mycorrhizal fungi can 
simultaneously colonize many plant hosts 
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of the same species or different species. As 
a result, plants in natural communities are 
interconnected by mycorrhizal networks. 
Earlier studies with small tree seedlings 
revealed that carbon is transferred from 
one plant to another through these under- 
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ground mycorrhizal pipelines (3). On page 
342 of this issue, Klein et al. (4) show that 
interplant carbon transfer is not confined to 
tree seedlings. 

The authors report forest-scale evidence 
for substantial tree-to-tree carbon transfer. 
Their results, obtained from 40-m-tall trees 
in a mixed forest in Switzerland, show that 
the equivalent of 280 kg carbon per hectare 
is transferred yearly between tree roots of 
different tree species. This is equivalent to 
4% of the forest’s net carbon uptake (also 
called its net primary productivity). Fur- 
thermore, the results indicate that under- 
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found depleted carbon in ectomycorrhizal 
fungal fruiting bodies near the labeled Nor- 
way spruce trees but not in the nonmycor- 
rhizal saprotrophic fungi, nor in herbs that 
associated with a different type of mycor- 
rhizal fungi (called arbuscular mycorrhizal 
fungi). These latter measurements acted as 
controls and provide evidence that ectomy- 
corrhizal fungi act as carbon conducts. 

The total amount of carbon that trees 
allocate to mycorrhizal fungi can be sub- 
stantial; Wallander et al. have published 
estimates of 700 to 900 kg per hectare of 
forest (6). A proportion of this (~150 kg per 
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Underground networks. Forest trees are interconnected through extensive mycorrhizal fungal networks that can 
interlink different tree species. Carbon can move from one three to another through these hyphal networks. 


ground mycorrhizal networks connecting 
the different tree species are, most likely, 
responsible for this carbon transfer. 

Klein et al. use a highly sophisticated 
system to study carbon cycling in forests. 
Over a 5-year period, they labeled 40-m- 
tall Norway spruce trees with isotopically 
depleted CO,, using a tall canopy crane 
and many porous tubes that released the 
labeled CO, near the branches of the trees 
(5). They then measured the carbon isotope 
signature in fine roots of neighboring unla- 
beled trees belonging to different taxa and 
also in unlabeled control trees that were 
not near labeled trees. The authors also 
measured the carbon signature in fruiting 
bodies (mushrooms) of mycorrhizal fungi 
that associate with the trees (called ecto- 
mycorrhizal fungi) and in fruiting bodies 
of litter-degrading saprotrophic fungi that 
do not form mycorrhizal associations. They 
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hectare) can be found in mycorrhizal root 
tips. Part of the carbon found in neighboring 
tree roots by Klein et al. may have remained 
in the fungal tissue of mycorrhizal struc- 
tures (the fungal mantle surrounding tree 
roots and the fungal structures inside the 
roots) and was not transferred to the tree 
tissue (7). However, a substantial fraction of 
carbon was also acquired by the neighbor- 
ing trees, as evidenced by enhanced isotope 
signal in the stems. This carbon may either 
have come directly from mycorrhizal fungi 
or some of it was acquired from the sur- 
rounding soil, e.g., through recapture of car- 
bon from root exudates or root remains (8). 

Overall, the results imply that large mature 
forest trees jointly maintain a common my- 
corrhizal network and that carbon can move 
freely from one tree to another tree through 
these belowground fungal highways (see the 
figure). These underground networks can be 
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highly complex because each individual tree 
and fungus has its own network and can as- 
sociate with different partners. 

The results reported by Klein et al. also 
have implications for key questions in my- 
corrhizal research: Why is this symbiosis 
so widespread and why has it evolved so 
successfully? The observation that 4% of 
net primary productivity is transferred to 
neighboring trees suggests that carbon is 
a nonlimiting resource, and not growth- 
limiting for these large trees (9). Thus, 
carbon allocation and loss to mycorrhizal 
fungi does not necessarily impair plant fit- 
ness. The exchange of “nonlimiting” carbon 
for nutrients may be one of the key factors 
responsible for the evolutionary stability of 
the mycorrhizal symbiosis (70). 

Klein et al. (4) measured 17 trees, 5 of 
which were the labeled trees that grew close 
to each other and were not randomly dis- 
persed. As a result, replication is low. Further 
work in different forest ecosystems is needed 
to confirm the findings and their general 
validity. An interesting further question is 
which fraction of the carbon transferred be- 
tween trees actually leaves the fungal tissue 
and is transferred to the tree. 

An increasing number of studies show 
that belowground ecosystems are highly 
complex and diverse (/1, 12). Klein et al.’s 
study adds a new dimension to this, reveal- 
ing that substantial amounts of carbon can 
move from one tree root system to another. 
Further work now needs to investigate 
whether trees benefit from this resource 
sharing and whether being interconnected 
through such mycorrhizal fungal networks 
enhances plant fitness and forest stability 
over evolutionary time. 
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INSIGHTS PERSPECTIVES 


Opportunities for advances 
in climate change economics 


Target carbon’s costs, policy designs, and developing countries 


By M. Burke,’ M. Craxton,' C. D. Kolstad,'* 
C. Onda,' H. Allcott,” E. Baker,’ L. 
Barrage,* R. Carson,’ K. Gillingham,® 
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here have been dramatic advances in 
understanding the physical science of 
climate change, facilitated by substan- 
tial and reliable research support. The 
social value of these advances depends 
on understanding their implications 
for society, an arena where research support 
has been more modest and research progress 
slower. Some advances have been made in 
understanding and formalizing climate-econ- 
omy linkages, but knowledge gaps remain 
[e.g., as discussed in (/, 2)]. We outline three 
areas where we believe research progress on 
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climate economics is both sorely needed, in 
light of policy relevance, and possible within 
the next few years given appropriate funding: 
(i) refining the social cost of carbon (SCC), 
Gi) improving understanding of the conse- 
quences of particular policies, and (iii) better 
understanding of the economic impacts and 
policy choices in developing economies. 


REFINING THE SCC. The SCC is an estimate 
of the damages caused by emitting carbon. 
Formally, the SCC estimates the monetized 
change in social welfare over all future time 
from emitting one more tonne of carbon to- 

day, conditional on a specific tra- 

jectory of future global emissions 

and economic and demographic 
growth. An understanding of the SCC is used 
in developing regulations directly or indi- 
rectly linked to climate change and is vital 
to building political support for domestic 
climate policies worldwide (3, 4). The SCC is 
usually estimated using an integrated assess- 
ment model (IAM), although other methods, 
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such as expert elicitation, are being explored. 
Widely used values for the SCC have been 
criticized, with particular skepticism sur- 
rounding the empirical basis used by IAMs to 
project climate damages and, thus, the SCC 
(5). We highlight five promising research di- 
rections to refine SCC estimates, which might 
then improve how they are used in policy (6). 

First, a better understanding of the eco- 
nomic impact of extreme climatic events is 
required. Economists can build on advances 
in our physical understanding of these low- 
probability, high-damage events (7) to study 
how changing likelihoods could affect dam- 
age estimates. 

Second, research is needed on how to rep- 
resent potential damages that are poorly cap- 
tured in typical economic output measures. 
Such “nonmarket” damages, which include 
potential costs of increased civil conflict, 
changes in human health, and biodiversity 
loss, could be sizeable (8) but are omitted 
from current damage estimates or are rep- 
resented in an ad hoc way (e.g., as a simple 
multiple of market damages). Research 
should explore new methods for measur- 
ing key nonmarket outcomes [e.g., (9)], and 
should clarify how to incorporate accumulat- 
ing evidence into IAMs. 

Third, work is required on how aggregate 
economic output is affected by changes in cli- 
mate (10). How climate change or the rate of 
change affect the level of output, the growth 
rate of output, the stock of capital, or some 
other metric, can have a major impact on the 
SCC, because it is a measure of accumulated 
damage over time. Current evidence is mixed, 
and resolving the debate will be crucial. 

The fourth area for research is adaptation, 
which has the potential to drastically change 
the gross damages from climate change. It 
is one of the least explored areas of climate 
economics, and little guidance is available on 
how to build adaptation into damage func- 
tions. For example, how farmers may adapt 
agricultural practices dampens agronomic 
estimates of damage from a change in cli- 
mate. A frontier for research is how to con- 
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nect impact estimates derived from historical 
short-run fluctuations in weather to potential 
future impacts from longer-run changes (in- 
corporating adaptation) in climate. Rigorous 
methods for doing this are in their infancy 
and urgently need improvement (17). 

Finally, SCC-focused IAMs, the main tools 
for aggregating economic costs of mitigation 
and adaptation, as well as economic damage 
from changed climate to produce SCC esti- 
mates, need a more structured way of incor- 
porating new information. Damage functions 
in IAMs can rely in part on studies completed 
more than 20 years ago (72). The treatment 
of uncertainty in IAMs needs improvement, 
with research needed on the computational 
challenges of explicitly including decision- 
making under uncertainty (73). Last, the 
choice in most existing I[AMs to examine the 
well-being (utility) of a representative agent 
may be inappropriate if impacts differ greatly 
by region or by type of agent. Understanding 
nuances of how these models aggregate costs 
and benefits across disparate regions and 
populations is of particular importance. 


IMPROVING POLICY DESIGN. Political re- 
sistance to carbon pricing in many jurisdic- 
tions, as well as the emergence of a piecemeal 
approach to domestic and international cli- 
mate policy-making, means that it is insuffi- 
cient to study merely how to price the climate 
externality in a “first-best” world with no 
other economic distortions. Although many 
existing “second-best” policies, such as effi- 
ciency standards and support for renewables, 
are cost-ineffective relative to carbon pricing 
(14), they continue to be implemented for po- 
litical, distributional, or other reasons. 
Research must consider practical dimen- 
sions of optimally designing and implement- 
ing such policies. First, more rigorous ex post 
empirical analysis of energy and environ- 
mental policies will be critical (15). Policies 
such as carbon pricing schemes, tradable 
obligations, fuel taxes, renewable portfolio 
standards, and energy efficiency standards 
are already in use in different countries and 
will become more common as countries try 
to operationalize their pledges in the United 
Nations Framework Convention on Climate 
Change process. But there is often little em- 
pirical evidence on individual- or market- 
level responses to these policies. Existing 
evidence suggests that behavioral responses 
to a given policy can drive a wedge between 
ex ante engineering estimates of program 
costs and benefits and ex post estimates of 
true costs and benefits (16). More evidence 
with rigorous analysis is sorely needed on a 
range of mitigation and adaptation policies. 
In the long term, the costs of addressing 
climate change using current technologies 
could be very large, which makes technologi- 
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cal progress critical. A large body of work on 
the rate and direction of innovation exists, 
but research is needed on what combinations 
of R&D and climate policies shape innovation 
and diffusion of low-carbon technologies (17). 


BEYOND ADVANCED ECONOMIES. Much 
of the existing research on climate damages 
or policies has focused on the developed 
world. This is problematic, both because de- 
veloping countries currently represent the 
majority of the world’s population and green- 
house gas emissions and because the nature 
of impacts and context for policy choice could 
differ greatly relative to developed regions. 

A first key research need is to rigorously 
quantify how vulnerability to climate change 
shifts as countries develop and the structure 
of their economies changes, a question on 
which evidence is mixed (JO, 17). Attention to 
the burden borne by low-income households 
will be important, as little is known about 
how changes in climate and climate policy 
affect these households’ productivity and 
livelihoods. Growing availability of expendi- 
ture surveys in these countries, potentially 
combined with remotely sensed measures of 
livelihoods (78), could allow rapid progress. 


“What combinations of R&D 
and climate policies shape 
innovation and diffusion of 
low-carbon technologies [?]...” 


Emerging economies will play an essential 
role in the success of mitigation efforts, given 
their projected demographic and economic 
growth. Thus, a second key research agenda 
will be to better understand climate mitiga- 
tion options in the developing world. Carbon 
mitigation proposals have faced opposition 
in many developing countries because of 
concern that they could hamper growth by 
constraining energy supply and increasing 
costs (although a few middle-income coun- 
tries are experimenting with carbon pricing). 
Yet, because tax evasion rates are lower for 
energy taxes compared with income taxes 
(19), implementing a carbon tax may allow 
developing-country governments to simul- 
taneously achieve climate-policy goals and 
raise revenue. Research is needed on the fea- 
sibility of different policy tools in different 
political and institutional contexts, because 
the appropriateness of policies may differ in 
countries with heavily subsidized fossil fuels, 
high rates of tax evasion, and large informal 
and state-owned sectors. An understanding 
of how innovation policy can be effective 
and, more broadly, of how to make low-car- 
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bon technologies adoptable in the developing 
world, is also essential. 

Our list of research priorities is not com- 
prehensive and likely debatable. Others, 
including some of the authors, might em- 
phasize other priorities (e.g., research on 
temporal discounting, international policy 
cooperation and coordination, and political 
economy). But what is crystal clear is that 
society is hampered in using natural sci- 
ence knowledge of climate change because 
of gaps in the knowledge of economic and 
social dimensions of climate change. A much 
more substantive research program on the 
economics of climate change is essential; oth- 
erwise, effective policy solutions with broad 
societal support will remain elusive. Future 
research must continue to include data- 
intensive empirical work to strengthen the 
foundations upon which policy-relevant “end 
products” (such as the SCC) are based, along 
with research aimed at defining and refram- 
ing key questions. 
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SYNTHETIC CHEMISTRY 


The straight dope on the scope 
of chemical reactions 


Complementary strategies are needed for the analysis 
and reporting of synthetic methods 


By T. Gensch and F. Glorius 


ore than 100 million molecular 

compounds have been reported, 

and the many synthetic methods 

that have been developed are the 

source of this diversity. Reports of 

new synthetic reactions often in- 
clude substrate scope—that is, how reactiv- 
ity varied for molecules with the same main 
reaction center and a variety of different 
substituents at secondary positions (see the 
figure, panel A). However, chemists often 
pursue very complex target molecules (e.g., 
natural products), and most steps involve 
reactants bearing many substituents whose 
presence can adversely affect the outcome. 
We highlight different tools that are emerg- 
ing to help chemists determine, “Will this 
reaction work for my molecule?” 

Steric and electronic influences on the 
reaction center are generally evaluated by 
varying each of these parameters system- 
atically with different substituents (see the 
figure, panel B). Predictions can be made 
by using computationally aided substrate- 
scope design and statistical analysis of 
reaction outcomes that can even reach 
quantitative agreement with experiment 
(1). However, it can be difficult to discretely 
evaluate the tolerance of a functional group 
independently of its electronic and steric 
impact on a reaction center. Synthetic avail- 
ability of complex starting materials can be 
a further limiting factor. 

A recently introduced complementary ap- 
proach to this traditional substrate scope is 
intermolecular reaction screening, where 
functional-group tolerance is assessed with 
additives carrying specific functional groups 
added to reactions of the standard substrate. 
This easy-to-use formalized protocol, termed 
“robustness screen” (see the figure, panel C), 
enables the expedient evaluation of inhibi- 
tion and decomposition involving individual 
functional groups independent of interfering 
steric or electronic effects and requires very 
little extra synthetic work (2-4). 
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A Application of synthetic methodology 
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However, the consideration of separated 
influences of electronic, steric, and func- 
tional factors alone may not be adequate 
in predicting a complex molecule’s perfor- 
mance in a reaction. Compound properties 
emerge from the entirety of molecular fea- 
tures, such as solubility, aggregation behav- 
ior, and other physicochemical properties. 
Krska, Dreher, and co-workers (5) now note 
that the examples reported in methodology 
publications often bear little resemblance 
to pharmaceutically relevant molecules, as 
demonstrated by a comparison of molecu- 
lar properties of clinically approved drugs 
with scope examples from reports of rel- 
evant synthetic methods. 

Guided by a technique from chemoinfor- 
matics, the “chemical space” encompass- 
ing druglike molecules can be described 
and visualized in terms of such properties. 
Sets of complex, druglike molecules were 
next used as substrates for three test case 
transformations. These so-called chemistry 
informer libraries (see the figure, panel D) 
were selected in such a way that the corre- 
sponding reaction products of a set would 
cover large parts of the chemical space. 
The widely varying yields obtained by this 
complex substrate approach show that the 
diversity of physicochemical properties and 
whole-molecule effects must be considered 
in method optimization. 

This strategy presents a reaction diag- 
nostic applicable to any reaction type. It 
raises an awareness of compound proper- 
ties not present in the simple molecules 
constituting traditional scope tables of 
published methodology. The approach is, in 
principle, amenable to statistical analysis 
of reaction outcomes in terms of substrate 
properties if sufficiently large data sets 
are obtained. To establish a widespread 
use of chemistry informer library analysis, 
the availability of appropriate medium- to 
high-complexity starting materials should 
be addressed, especially for applications in 
academic groups that do not have access to 
extensive libraries of intermediates from 
drug development. 

An ideal report of a new synthetic method 
should display information on trends re- 
garding steric and electronic effects on the 
reaction center. In addition, a broad under- 


Making assessments. (A) Judging the utility of a 
reported method for a specific synthetic problem 
requires evaluating the reactivity of substrates 

that have been reported; here, the reaction center 
group is denoted “A” and other letters depict various 
substituents. (B to D) Complementary reaction 
diagnostics that can be used for assessing different 
aspects of chemical reactivity include (B) traditional 
reaction scope, (C) robustness screens, and (D) 
chemistry informer libraries. 
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standing of functional-group tolerance and 
protecting-group stability would be desir- 
able, although the synthetic effort required 
in a traditional scope is a limiting factor. 
Thus, approaches like the robustness screen 
or chemistry informer libraries can expe- 
dite additional insight into the functional- 
group tolerance and performance of more 
complex molecules with a range of physi- 
cochemical properties. Currently, practices 
range from, on one end, demonstrating 
some hundreds of examples with functional 
and protecting groups, systematic trends on 
electronic factors, and the inclusion of low- 
yielding and failed substrates. On the other 
end, a handful of results with the best yields 
are selected, offering very basic substituent 
variation and no systematic investigation of 
reactivity trends. 

In a competitive field, the pressure to 
publish a new method quickly and the no- 
tion that low yields in the scope table might 
decrease the value of a manuscript to a 
reviewer can lead to a selection bias. Sub- 
strates are made and tried that will most 


(19 


...che robustness screen or 
chemistry informer libraries 
can expedite additional 
insight into the functional- 
group tolerance...” 


likely react in a good yield and avoid subop- 
timal results; any failures are not reported. 
However, for any potential user, knowing 
the limits of a reaction is helpful, and, ironi- 
cally, a reader might infer that any substrate 
not shown will not provide a satisfactory 
outcome in the reaction. Knowing the limi- 
tations of an otherwise useful transforma- 
tion can even stimulate research to improve 
the reaction system and help expand the set 
of widely useful synthetic methods. Finally, 
we encourage a discussion in the commu- 
nity on these matters and hope that along 
with the robustness screen and chemistry 
informer libraries, innovative concepts will 
be advanced. 
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CELL BIOLOGY 


When cells push the envelope 


Nuclear integrity is temporarily compromised 


to accommodate cell migration 


By Brian Burke 


y enclosing chromosomes within a 

nuclear envelope (NE), eukaryotic 

cells are able to segregate transcrip- 

tion and translation, key activities 

involved in gene expression (J). The 

implication is that maintenance of 
the NE as a selective barrier represents an 
essential aspect of normal cellular physiol- 
ogy. However, it also presents the cell with 
the predicament of how to accommodate a 
membrane-limited organelle that might oc- 
cupy a substantial portion of the cell volume. 
On pages 353 and 359 of this issue, Denais et 
al. (2) and Raab et al. (3), respectively, report 
that the physical size and mechanical proper- 
ties of the nucleus may have dramatic effects 
on the behavior of motile cells. 

The most prominent features of the NE 
are inner and outer nuclear membranes 
(INM and ONM) that are separated by a 
perinuclear space. The NE is periodically 
traversed by nuclear pore complexes that 
regulate the trafficking of macromolecules 
between the nucleus and cytoplasm. The 
other major component of the NE is the 
nuclear lamina. In most mammalian cells, 
this is a relatively thin (10 to 30 nm) pro- 
tein meshwork that lines the nuclear face 
of the INM and is associated with a variety 
of INM proteins. The lamina also provides 
anchoring sites at the nuclear periphery for 
higher-order chromatin domains. 

The major building blocks of the nucle- 
ar lamina are the A- and B-type lamins (4). 
In mammalian somatic cells, the former are 
represented primarily by lamin A and lamin 
C. B-type lamins, B1 and B2, are expressed 
in all nucleated cells. A-type lamins, by con- 
trast, are absent from early embryonic cells 
(5). Even in adults, certain cell types do not 
express A-type lamins. Some cancer cells 
also display reduced A-type lamin expres- 
sion, a characteristic that has been linked 
to increased invasiveness (6). 

Recent studies have revealed that A-type 
lamin expression may be influenced by 
mechanical properties of the extracellular 
environment (7). For instance, fibroblasts 
grown on stiff substrates display higher 


Institute of Medical Biology, 8A Biomedical Grove, 
06-06 Immunos, 138648 Singapore. 
E-mail: brian.burke@imb.a-star.edu.sg 


Published by AAAS 


lamin A/C expression than those grown on 
softer or more deformable substrates. In 
softer tissues, such as brain and fat, lamin 
A/C expression is substantially lower than 
in stiffer tissues such as bone and muscle. 
Such differences in lamin A/C expression 
are reflected in altered nuclear plasticity. 
Indeed, fibroblasts derived from mice lack- 
ing a functional Lmna gene (which encodes 
lamin A/C) display misshapen nuclei (5) that 
are prone to rupture during cell migration. 
Thus, the lamina plays an important role in 
the maintenance of NE integrity as well as in 
the organization of the nucleus as a whole. 

In higher cells, the barrier function of the 
NE is transiently breached during each cell 
division to allow the condensed chromo- 
somes access to the mitotic spindle. During 
interphase, however, loss of NE integrity 
has been documented only in certain path- 
ological states. For example, transient NE 
ruptures have been observed in cells har- 
boring LMNA mutations (8) as well as in 
cells expressing the HIV Vpr protein (9). 
A similar phenomenon has been reported 
in several cancer cell lines (10). Denais et 
al. and Raab et al. document transient NE 
ruptures in cells migrating in confined en- 
vironments (see the figure). The implica- 
tion is that this may be a far more common 
phenomenon than is currently appreciated 
and that organisms must have mechanisms 
to deal with this nuclear wear and tear. 

Both Denais et al. and Raab et al. took 
advantage of microfabricated substrates on 
which cells can migrate through channels or 
constrictions of various dimensions. Denais 
et al., using a variety of tumor cell lines, found 
that constrictions with a cross-sectional area 
below a critical value of ~20 um? caused a 
factor of 10 increase in the number of cells 
displaying NE ruptures. Raab e¢ al., using hu- 
man dendritic cells as well as a human cell 
line, came to very similar conclusions. Both 
groups also documented related phenomena 
in intact mouse tissues. 

What happens at the rupture site? NE 
ruptures always occur at the leading tip of 
the nucleus as it traverses the constriction 
and invariably feature the localized loss of 
nuclear lamins and nuclear pore complex- 
es. The occurrence of NE ruptures appears 
to mirror increased nuclear pressure, with 
chromatin often being extruded into the 
cytoplasm. It is also apparent that the fre- 
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Nuclear wear and tear. As a cell moves within a 
confined environment, its nuclear membrane will 
temporarily rupture and then get repaired. Reduced 
structural stability of the nucleus facilitates cell 
motility. This is particularly the case with cells that 
have decreased A-type lamins. ESCRT Ill machinery is 
recruited to the lesion to reseal the nuclear envelope. 
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quency of these events increases in re- 
sponse to reduced expression of lamins A/C 
and B2. Conversely, as previously reported 
(1D, increased A-type lamin expression re- 
stricts nuclear deformation and prevents 
cell migration through constrictions. Evi- 
dently, the composition of the lamina must 
be fine-tuned in such a way as to limit NE 
rupture without constraining migration. 

Denais et al. and Raab et al. document- 
ed the cellular reaction to NE ruptures. Al- 
though the nature of any DNA damage is 
uncertain, mechanical shearing of the DNA 
might trigger the DNA damage response, as 
could DNA exposure to cytoplasmic factors. 
At the same time, ESCRT III (endosomal 
sorting complex required for transport 
III) (12) components are recruited to the 
nuclear membrane lesion. ESCRT III is re- 
quired in the formation of multivesicular 
endosomes, for the separation of daughter 
cells (abscission) after cytokinesis, and for 
the budding of enveloped viruses from the 
surface of an infected cell. ESCRT III also 
mediates resealing of the nuclear mem- 
branes at the end of mitosis (13, 14). What 
all of these processes have in common is a 
requirement for annular fusion at the cy- 
toplasmic surface of various membranes. 
Clearly, resealing of the nuclear membranes 
after NE rupture would be predicted to en- 
tail exactly this type of activity. 

It is clear from Denais et al. and Raab et 
al. why lower A-type lamin levels would be 
associated with increased cell invasiveness. 
At the same time, such cells display greater 
susceptibility to NE rupture, with increased 
genome instability potentially promoting 
further cancer progression. However, NE 
rupture could also be the Achilles’ heel in 
these cells because the repair processes, 
either of the DNA or of the nuclear mem- 
branes, might represent viable therapeu- 
tic targets. In any event, Denais et al. and 
Raab et al. have opened a new window on 
the dynamics of the NE and nuclear lamina 
and provide a foundation for new basic and 
translational research efforts. & 
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PHYSICS 


Toward single- 
atom memory 


Single holmium atoms 
can be used as a stable 
magnetic memory 


By Alexander Ako Khajetoorians! and 
Andreas J. Heinrich” 


toring information in an ensemble 
of single-atom magnets represents 
the ultimate miniaturization of data 
storage technology, in which two 
specific orientations of each atomic 
magnetic moment represent a bit (a 
0 or 1) of information (see the figure, panel 
A). The inherent dilemma in using a single- 
atom magnet is keeping it magnetized—or, 
in other words, being able to hold the infor- 
mation in one of the bit states without an 
external magnetic field for a useful amount 


“The inherent dilemma in 
using a single-atom magnet 
is keeping it magnetized...” 


of time and at practical temperatures (J, 2). 
This phenomenon of magnetic remanence 
is difficult to realize from a single atom, 
in part because diminished robustness 
against fluctuations from the environment 
can unintentionally flip the magnetic state, 
thus wiping out the magnetic memory. A 
recent attempt to observe remanence in a 
single atom (3) proved premature, as the 
results were incompatible with the mag- 
netic ground state of that system (4) and 
could not be reproduced (4, 5). Hence, the 
question of whether this defining property 
of a single-atom magnet can actually be 
achieved has remained an open question 
until now. On page 318 of this issue, Donati 
et al. (6) demonstrate that single holmium 
atoms exhibit magnetic remanence up to 
temperatures of 40 K, much higher than 
previous records of atomic-scale magnets 
composed of 3 to 12 atoms (J, 2, 5)—a record 
in both size and stability for any magnet. 
A requirement for remanence in an atom 
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adsorbed on a single surface is a large en- 
ergy barrier that separates two distinct 
magnetic ground states. This so-called 
magnetic anisotropy energy (MAE) (see the 
figure, panel B) was shown to be large for 
single Co atoms, relative to the bulk, ad- 
sorbed on a Pt surface (7). At a tempera- 
ture on the order of the MAE, the magnetic 
moment should “freeze” on one side of the 
barrier. This discovery paved a decade-long 
path, based on x-ray absorption spectros- 
copy (XAS) and spin-resolved scanning 
tunneling microscopy (STM), toward real- 
izing magnetic remanence at sufficiently 
low temperatures (8). Although the MAE of 
a single Co atom has been boosted to the 
theoretical limit (9), the observation of re- 
manence in a single-atom magnet has re- 
mained elusive because of the pronounced 
quantum nature of single-atom spins. 
Quantum mechanics restricts the mag- 
netic moment to discrete orientations re- 
lated to the quantum number J, and the 
energy of each discrete state (see the figure, 
panel B) is dictated by the local environ- 
ment or crystal field. In certain cases where 
the crystal field symmetry is relatively low, 
shortcuts can be made through the bar- 


A B 


-<.. 
=~. 


S 


O®@ 


Mg Ho Ho 


et 


Color indicates different 
orientations of the magnetic moment 


O 
¢) 


Two-fold 


Me 


N 


D+ e+ 


“arrays of single-atom 
magnets may be used for 
future memory devices.” 


rier (dashed blue arrow in the figure). This 
makes the magnetic moment exquisitely 
sensitive to interactions with electrons and 
phonons (lattice vibrations), which can ex- 
change angular momentum and connect a 
ground state with J, states on the other side 
of the MAE barrier. For two-fold symmetry 
(1, 2, 10), ground-state reversal can occur 
with just one electron, even in the presence 
of a large MAE. Therefore, in addition to 
decoupling the atomic moment from elec- 
tron and phonon reservoirs, it is necessary 
to engineer an energy landscape where the 
magnetic ground states are insensitive to 
such electron processes (10). 

Donati et al. create such an energy land- 
scape in the form of a four-fold symmetric 
environment for Ho atoms on MgO. By 
using circularly polarized XAS and mag- 
netic circular dichroism (XMCD), which 
is sensitive to the magnetic orientation of 
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A single-atom memory. (A) The orientation of the magnetic moment is represented at a O or 1 state. (B) The 
energy barriers, defined by the magnetic anisotropy energy (MAE) for a single magnetic atom in a two-fold and four- 
fold symmetric environment. For a two-fold environment, a single electron can induce a reversal of the magnetic 
state bypassing the barrier, whereas the four-fold environment protects against such reversal because two or more 
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the spins in a given magnetic field, they 
observe a magnetic hysteresis and re- 
manence of an ensemble of Ho atoms. In 
combination with calculations, they con- 
vincingly demonstrate that the observed 
remanence results from the protection of 
the Ho ground states from single-electron 
processes by the four-fold symmetry (see 
the figure, panel B), which only allows for 
higher-order processes involving two or 
more electrons—an observation that they 
corroborate with measurements on varying 
thicknesses of the MgO insulating layer. 
The localized nature of its 4f orbitals and 
a few atomic layers of MgO are sufficient 
to decouple the Ho moment from the silver 
metallic electrode, making electron scatter- 
ing processes as well as phonon excitations 
highly improbable and thereby establishing 
a single-atom magnet. 

The stability of a single Ho atom on MgO 
is more robust than one of the best-known 
molecular magnets (11). Theoretically, the 
symmetry protection shown here is not el- 
ement-specific, necessitating further inves- 
tigations with both XMCD and down to an 
individual atom with spin-resolved STM. It 
will be imperative to investigate whether re- 
manence can be seen at higher temperatures 
for viable application, and whether single at- 
oms can be read and written one at a time 
with electrical current (J, 2). Toward this end, 
experiments focusing on the dynamical ma- 
nipulation of an individual atomic spin will 
be central to efforts to develop single-atom 
magnets for quantum memory and _ pro- 
cessing technology (1/2). The present work 
strongly suggests that arrays of single-atom 
magnets may be used for future memory de- 
vices. Such work could also be extended to 
spin-logic operations with single atoms (13), 
provided that a suitable route toward mag- 
netic coupling between such spin centers can 
be engineered. & 
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TISSUE REGENERATION 


A scaffold immune microenvironment 


Local immune cells create conditions that support tissue regeneration 


By Stephen F. Badylak’* 


he immune system plays a critical 

role in wound healing, in both host 

defense and tissue repair. Strategies 

that use biologic scaffolds to support 

tissue reconstruction emphasize this 

essential contribution of representa- 
tive immune cells. The findings by Sadtler 
et al. (1) on page 366 in this issue highlight 
how the plasticity and diversity of macro- 
phages and lymphocytes support this ap- 
proach to tissue repair. 

Macrophages and T cells have gener- 
ally been considered only in the context of 
mammalian defense against pathogens or 
response to foreign materials. Although 
recognized as essential for survival and pro- 
tection against the daily onslaught of ubiqui- 
tous pathogens, most attempts at designing 
and manufacturing implantable devices 
have focused on strategies to circumvent the 
body’s immune surveillance and response 
mechanisms, or suppress the “inflamma- 
tory” events associated with their presence. 

Cell-based mediators of inflammation, 
rejection, and fibrosis, although previously 
considered undesirable, are essential com- 
ponents of normal mammalian tissue and 
organ development (2, 3), homeostasis (4, 
5), and, ironically, resolution of the proin- 
flammatory process (6—8). These same cells 
are required participants for true regenera- 
tion in species such as the axolotyl (9). Even 
more remarkable is that cells once consid- 
ered as terminally differentiated mono- 
nuclear leukocytes can actually proliferate 
and function as regulators of the intensity 
and duration of inflammation and healing 
(10, 11). Further, the cross-talk that occurs 
between cells of the innate and adaptive im- 
mune system and stem or progenitor cells 
serves to emphasize the highly orchestrated 
fashion in which the human body conducts 
the daily business of survival (12, 13). 

The field of stem cell biology has height- 
ened our appreciation of the role of the 
microenvironment in determining cell fate 
(14, 15). It has long been recognized that the 
microenvironment influences more than 
stem and progenitor cells, and Sadtler et al. 
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Immune cell support. An implanted scaffold can 
support muscle regeneration when specific T cells and 
macrophages locally modify the microenvironment 

to reduce inflammation and support myotube 
development. IL, interleukin; PGE,, prostaglandin E2; 
TGF-8, transforming growth factor-@. 
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nicely demonstrate the effect of an extracel- 
lular matrix scaffold microenvironment on 
cells of the immune system. The authors 
show that in the experimental context of 
muscle injury in a mouse, bioscaffolds 
composed of natural extracellular matrix 
(derived from porcine tissue) induce a cas- 
cade of immune cell events that creates a 
microenvironmental niche conducive to 
repair (see the figure). This scaffold im- 
mune microenvironment involves T helper 
2 (T,,2) cells that depend on signaling by 
mammalian target of rapamycin complex 
2 (mTORC2), which drives the activation of 
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T cells to the T,,2 phenotype. The T,,2 cells 
release anti-inflammatory cytokines and 
also activate local macrophages toward an 
“M2” phenotype, which mitigates inflam- 
matory processes. The findings of Sadtler et 
al. provide a new view of how the immune 
response to biomaterials should be consid- 
ered in the development of scaffolds for tis- 
sue regeneration, and how modulation of 
the immune response may be part of regen- 
erative therapies. 

The emergence and popularity of biomedi- 
cal engineering is arguably the best example 
of the benefits of breaking down artificial 
barriers between developmental biology, im- 
munology, biomaterials science, medicine, 
molecular biology, and biomedical engineer- 
ing. Such silos only serve to hinder inevi- 
table discovery that occurs when alternative 
perspectives are provided. Application of 
the quantitative principles of engineering 
to the more qualitative aspects of medicine 
and biology has given birth to not only new 
degree-granting programs at academic in- 
stitutions but a new generation of medical 
device companies. With long-held beliefs in 
biology continuing to be challenged—such as 
the singular role for macrophages in chronic 
inflammation—and the ever-expanding avail- 
ability of tools to interrogate the structure 
and function of cells, tissues, and organs, it 
seems inevitable that our understanding of 
biology, health, and disease will be remark- 
ably different within the next decade. 
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ECONOMICS 


Banking on 
balance 


Getting ahead at work 
shouldn't have to mean 
falling behind at home 


By Janet Gornick 


rom the New Deal through the Reagan 
era, most policy-makers, employers, 
and labor economists shared a com- 
mon assumption: Workers (and po- 
tential workers) were men-—literally, 
men—who brought to the table their 
skills and preferences, largely untouched 
by external distractions. These men had 
wives who cleaned their homes, cooked their 
meals, raised their children, and cared for 
their elderly parents, leaving them free to 
work for pay, continuously and productively. 

The real world, of course, was never 
that simple or uniform. Today, in most 
households headed by couples, both part- 
ners work for pay. Nearly half of children 
in the United States are being raised by a 
sole female breadwinner. So it is remark- 
able—stunning, in fact—that federal pol- 
icy-makers, employers, and the economics 
discipline (feminist economists aside) have 
largely failed to adapt their theories or 
practices to acknowledge a world in which 
most workers must reconcile employment 
with pressing needs at home. 

New employment practices, such as just- 
in-time scheduling and round-the-clock e- 
mailing, compounded by changing family 
demography (especially the rise of single 
parenting and the increased longevity of 
elderly family members) have left millions 
of working Americans perpetually stressed, 
conflicted, economically insecure, and time- 
poor. Yet, on the whole, American social and 
labor market policies, while changing (espe- 
cially at the subnational level), remain dan- 
gerously inadequate and blatantly irrational. 

In this ambitious, fast-paced, fact-filled, 
and accessible book, Heather Boushey 
hopes to hit the reset button. She aims to 
do this by offering a thorough, systematic, 
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Finding Time 

The Economics of 
Work-Life Conflict 
Heather Boushey 
Harvard University Press, 
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evidence-based case for a comprehensive 
package of institutional reforms. These re- 
forms would include expanding rights to 
paid family and medical leave, extending 
workers’ options for flexible working time, 
and increasing investments in high-quality 
nonfamily care. She has a masterful un- 
derstanding of the nuts and bolts of policy 
design and has impressively cataloged an 
array of promising state and local examples. 

Her policy proposals are not off the 
beaten path, but her overall argument— 
simple as it sounds—is a fresh one. Boushey 
aims to recast these reforms as constituting 
good economics: “The current, tired debate 
gets stuck on the question of who deserves 
a handout—a values question—when really 
we need to be thinking about how keep- 
ing people gainfully employed while they 
care for their families benefits the econ- 
omy overall. By looking at these questions 
through the lens of hard-nosed economics, 
we can chart a new path.” 

For several years, Boushey has been a lead- 
ing scholar of the economics of work and 
family in the United States, always incorpo- 
rating a strong policy angle into her work. 
Based in Washington, she has rare expertise 
in both policy architecture and the mechan- 
ics of the American policy-making process. 

As Boushey tackles the complexities of 
work-family policies (she prefers the term 
“work-life policies” to stress their economy- 
wide effects), concerns about inequality in- 
form nearly all of her arguments. Drawing 
on earlier work that she did with lawyer- 
scholar-activist Joan Williams, Finding 
Time is framed around the insight that the 
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Paid time off, access to childcare, and flexible 
scheduling make economic sense, argues Boushey. 


challenge of reconciling employment and 
family needs affects workers and families 
differently, depending on (for the most 
part) their household income level. She 
separately assesses the hardships and pol- 
icy needs of low-income families (whom she 
describes as “stuck”), middle-class families 
(“stalled”), and professional families (“soar- 
ing above and sounding the alarm”). 

Boushey’s voice is a steady one—steely 
and critical but optimistic and gener- 
ous. Despite her demonstrable sympathy 
for lower-earning families (she grew up 
in one), she refrains from trivializing the 
needs of highly paid workers or denying the 
hardships of their affluent families. 

Although she is intensely critical of a mul- 
titude of harmful employment practices, 
Boushey seeks institutional explanations 
rather than demonizing individual employ- 
ers. And she tends to blame inadequate pol- 
icy outcomes on poor thinking, insufficient 
information, timidity, and bad habits—more 
than on nefarious or hateful political forces. 

The book has one notable weakness. By 
mostly restricting her discussion to U.S. 
programs and policies, Boushey misses an 
opportunity to drill down on successful 
practices in other countries. National-level 
leave provisions, working time protections, 
and generous public care services are not 
the stuff of science fiction. They have been 
developed and successfully implemented in 
many other countries. 

As another long-time observer of U.S. 
work-family policy, it is not clear to me that 
Boushey’s profoundly reasonable book will 
be able to effectively push back against a 
political landscape that is hostile to gov- 
ernment, conflicted about gender equality, 
and resistant to compromise. For all of our 
sakes, I hope that I’m wrong. 
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Fear and loathing in the 


hunt for gravitational waves 


One physicist hits the road to explore LIGO’s history and 
the hard feelings that nearly derailed the entire project 


By Adrian Cho 


n 14 September 2015, at 9:50:45 uni- 
versal time, humans detected for 
the first time a gravitational wave— 
a rippling, infinitesimal stretching 
of spacetime itself set off when two 
black holes spiraled into each other. 
That mind-boggling discovery was made by 
the 1000 physicists working with the Laser 
Interferometer Gravitational-Wave Obser- 
vatory (LIGO), a duo of enormous optical 
instruments in Livingston, Louisiana, and 
Hanford, Washington. Black 
Hole Blues provides a lively, if 
not wholly satisfying, account of 
the 40-year quest to build LIGO. 

Black Hole Blues could hardly 
be timelier, as LIGO research- 
ers announced their discovery 
on 11 February. However, Janna 
Levin, a theoretical physicist at 
Barnard College in New York 
City, had been working on the 
book for 4 years. She tells the 
tale not of the discovery but 
primarily of building the ma- 
chines. It’s a story worth telling, 
as even in retrospect it seems 
nearly miraculous that the 
National Science Foundation 
(NSF) would gamble $1.1 billion 
on the risky experiment, which 
requires physicists to compare 
the lengths of each L-shaped 
interferometer’s 4-kilometer-long arms to 
within 1/10,000 the width of a proton. 

The idea behind LIGO sprang from the 
mind of Rainer Weiss, an experimentalist 
at the Massachusetts Institute of Technol- 
ogy (MIT) in Cambridge in the late 1960s. 
It didn’t go far until Kip Thorne, a theorist 
at the California Institute of Technology 
(Caltech) in Pasadena, took an interest in 
the 1970s. In 1979, Thorne brought in Ron- 
ald Drever, a notoriously difficult Scot, to 
run Caltech’s efforts, as research stalled at 
MIT. The imperious Rochus “Robbie” Vogt, 
freshly fired as Caltech provost, took over as 
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director of the project in 1987, after NSF de- 
manded that MIT and Caltech merge efforts. 

The infighting within the founding group 
is legendary. Drever and Weiss couldn’t see 
eye to eye. Vogt fired Drever for giving an 
unauthorized talk on work related to LIGO 
and changed the locks on his office. None of 
this is new. However, in Black Hole Blues, 
Levin gives the principals room to reflect on 
their problematic history, and it’s poignant, 
for example, to hear Vogt vacillate between 
defiance and regret as he talks about losing 
control of the project. “The mistakes I made 


Ninety-nine years after Albert Einstein predicted their existence, LIGO researchers 
detected the presence of gravitational waves in the fall of 2015. 


were because of the information I had at the 
time,” he says. “And because of my tempera- 
ment.” (Drever now suffers from dementia, 
so Levin relies on interviews recorded by 
others in 1997 for his side of the story.) 

The book could have gone deeper in sev- 
eral places. For example, Levin recounts 
how Caltech particle physicist Barry Bar- 
ish replaced Vogt in 1994, at a time when 
NSF was about to pull the plug on the proj- 
ect. Barish managed to right the ship and 
convince NSF to follow through with $300 
million for construction. But Levin doesn’t 
explain how Barish did it, even though his 
overhaul of the project’s management may 
be the real story of LIGO’s success. Simi- 
larly, she never explains why NSF backed a 
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project that had so many vociferous doubt- 
ers in the first place. 

Black Hole Blues is also a story of Levin’s 
personal introduction to LIGO. She gives 
first-person accounts of her meetings with 
the principals and her visits to the LIGO in- 
struments, presenting herself as a stranger 
in a (somewhat) strange land—she is, after 
all, a theorist. She refers to her subjects by 
first names and nicknames: Rai, Kip, Ron, 
Robbie. Her approach hints at the gonzo 
journalism of the 1970s. 

This tack isn’t entirely successful. Instead 
of so much atmosphere, the book could 
have used an early chapter explaining how, 
according to Einstein’s general theory of 
relativity, gravity arises from 
the warping of spacetime. With- 
out one, the concepts of gravi- 
tational waves and black holes 
may never come into focus for 
the average reader. Similarly, 
the book could use a better ex- 
planation—and a diagram—of 
an interferometer. 

Moreover, Levin doesn’t quite 
have the chops to write herself 
into the story. The reader may 
chuckle at her account of being 
stuck in a hot car at the Hanford 
site, afraid to so much as open 
a window for fear of upsetting 
a test going on nearby. Often, 
however, Levin simply gets in 
the way of the narrative. “I’m us- 
ing convoluted double negatives 
because I don’t feel myself in a 
position to more precisely define 
[John] Wheeler’s state of mind,” she writes. 
It’s as if you're trying to watch a parade and 
she keeps stepping in front of you. 

Still, Black Hole Blues makes an engaging 
read. It hits all the highlights in the hunt for 
gravitational waves, including the efforts of 
Joseph Weber, an electrical engineer at the 
University of Maryland, College Park, who 
in 1969 claimed to have spotted the waves 
as they set massive aluminum cylinders 
aquiver. When others couldn’t reproduce 
Weber’s results, he refused to reconsider 
and eventually ruined his own reputation. 
Levin tells that all-too-human story simply, 
and that’s when she is at her best. 


10.1126/science.aaf5109 
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Financial complexity: 
Regulating regulation 


IN THEIR POLICY FORUM “Complexity 
theory and financial regulation” (19 
February, p. 818), S. Battiston et al. pre- 
sent a compelling case that complexity 
theory—the science of complex adaptive 
systems—offers insights into how the 
interconnected economic and financial 
macrosystem works and, more important, 
how it fails. They argue that, just as com- 
plexity theory has been applied in ecology, 
so too will these insights lead to better 
understanding of how the interconnected- 
ness between banks and positive feedback 
channels move information through 

the system, which in turn will provide a 
better understanding of system stability, 
robustness, and resilience. However, they 
recognize that this improved model of the 
financial system will require substantial 
advancements in the availability of data 
and the development of quantifiable met- 
rics, and therefore call for such an effort to 
build a “policy dashboard” that monitors 
systemic risk and stress-tests the global 
financial system in real time as we do for 
the weather. Putting aside how far off it 
will be before that quantitative modeling 
project bears fruit, it will be important 
that it launches with sound premises and 
foundations. 

First, many legal researchers have used 
complexity theory to shine light on the 
challenges that regulatory systems face 
when managing, for example, intellec- 
tual property (1), the Internet (2), the 
environment (3), health care (4), and tele- 
communications (5). These efforts, while 
no further along than those the authors 
propose for the financial system, nonethe- 
less suggest that legal expertise should be a 
part of the interdisciplinary team design- 
ing the quantitative research project. 

Second, there is as much reason to 
believe that regulatory systems—as highly 
structured, heterogeneous social systems— 
are complex adaptive systems as there is to 
believe that the financial system (and the 
Internet, environment, and health care) is 
a complex adaptive system (6). Regulatory 
systems and the socioeconomic systems 
they are intended to control thus comprise 
systems of coevolving systems. To be of 
value, therefore, a “policy dashboard” for 
the financial system must include a way 
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Understanding how the financial system and financial regulation interact could help prevent market failures. 


to monitor the financial regulatory system 
itself, detect its systemic risk, stress-test 
its resilience capacity, and understand 
how it coevolves with banking and other 
financial system component behaviors. 
Legal researchers have begun exploring 
such policy dashboards for policy (7), and 
have also begun quantitative studies of 
the regulatory system’s complex adaptive 
system behaviors (8, 9). 

Third, some answers may be staring us 
in the face without the need for a full pol- 
icy dashboard. It does not take complexity 
theory to know that pollution is bad for 
the environment. Likewise, some financial 
system experts have identified low-hanging 
policy fruit that could lead to substantial 
stability gains for the system (0). 

J. B. Ruhl 
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Financial complexity: 
Accounting for fraud 


THE POLICY FORUM “Complexity theory 
and financial regulation” (S. Battiston et al., 
19 February, p. 818) offers some interesting 
suggestions regarding the complex dynam- 
ics of markets, but it does not address fraud. 
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How does “traditional economic theory” 
account for fraud? The role of fraud seems 
to be rampant at all levels in the case of 
the 2008 financial crisis in the United 
States: There was fraud in real estate 
appraisals (7), fraud among accounting 
firms (2), fraud in how the risks associ- 
ated with novel financial instruments were 
presented to investors (3), and fraud in 
interbank lending (4). 

Economist James Galbraith has argued 
that the existence of a bubble in a stable, 
regulated market like housing is prima 
facie evidence of fraud (5). William 
Black, another economist, has asked why 
neither the U.S. Securities and Exchange 
Commission nor the Federal Reserve 
employs a criminologist (6). 

Explaining the 2008 market failure, 
and market failures in general, is not a 
scientific problem so much as a regulatory 
and enforcement problem. Rather than 
develop more elaborate models to analyze 
markets, one simple place to start may 
be to reinstate regulation like the Glass- 
Steagall Act (7) and to investigate fraud 
more aggressively. 

David Witzling 
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Response 


IN OUR POLICY FORUM, we argued for 
the development of a policy dashboard 
to manage complex financial-economic 
systems based on an interdisciplinary 
network analysis and behavioral modeling 
approach. 

Ruhl’s first point is that legal exper- 
tise should be included in the research 
design. We agree that this may be useful 
for developing models. In fact, behavioral 
agent-based models should incorporate legal 
regulation and market institutional details. 


Protesters accuse CEO Richard S. Fuld Jr. of fraud as he leaves the 
U.S. Capitol after testifying on the collapse of Lehman Brothers. 


Ruhl’s second point is that the regula- 
tory system itself should be part of the 
research and model building. We also 
agree that the regulatory system and 
the financial system are coevolving and 
that ideas from complex systems can be 
useful to think about this relationship. 
This is reminiscent of the Lucas critique: 
Regulation itself affects human behavior 
through mutual adaptive feedback between 
individual behavior and regulation (J). 

However, incorporating the evolution 
of the regulatory system is more difficult 
than managing the economic-financial 
system alone. Research on these coevolving 
complex systems so far has been mainly 
qualitative. Haldane’s “microscopes and 
telescopes” (2) stresses that the financial- 
economic system is a complex adaptive 
“system of systems,” including a policy 
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architecture with a layer of national 
financial systems and economies, a layer 
of monetary policy, and a layer of global 
financial architecture. 

Even if we do not understand how the 
regulatory system will evolve, we can test 
its possible effects and assess plausible 
alternatives that might improve it. What 
we advocate should contribute to making 
evolution of the regulatory system more 
effective in relation to systemic risk. We 
can do this even without understanding 
the long-term evolutionary dynamics of 
regulation. Complex system models will 
be not only useful, but essential to gauge 
effects of regulations. 

Finally, Ruhl argues that effective reform 
measures can already be taken before 
model building. This may be true, but the 
point of complexity modeling is to identify 
possible unintended consequences of regu- 
lations. A realistic complexity-based policy 
dashboard can help to empirically assess 
reforms before implementing them in real 
markets. The policy dashboard 
we propose provides a test bed 
for such potentially stabilizing 
regulatory policies. 

Witzling argues that fraud 
played an important role in 
the financial crisis of 2008. Of 
course, society has to fight fraud, 
but removing fraud would not 
solve the problem. The threat 
exists already within what is 
legally possible at the moment. 
Witzling refers to James 
Galbraith when he says that “the 
existence of a bubble in a stable, 
regulated market like housing is 
prima facie evidence of fraud.” 
However, one of the essential 
insights from complex systems is 
that the bubble and crisis would 
have occurred without any fraud at all. For 
example, simple agent-based models of the 
housing markets, calibrated to U.S. data, 
generate housing bubbles as soon as lever- 
age levels are turned up to levels that were 
actually used, and were perfectly legal (3, 
4). Furthermore, bubbles and crashes have 
been frequently observed in controlled 
laboratory experimental asset markets as 
the emergent outcome of positive feedback 
environments (5, 6). The problems that 
caused the financial crisis of 2008 came 
from the legal use of excessively high 
leverage, which generated systemic risk. 

A model of the reforms developed by the 
Basel Committee on Bank Supervision 
illustrates this dramatically (7). As soon as 
the banking sector grows to a certain size, 
and as soon as it exceeds a leverage thresh- 
old that is considerably smaller than that 
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actually used, 10- to 15-year oscillations 
arise that resemble the Great Moderation 
(the reduction in economic volatility that 
began in the 1980s) and subsequent crises, 
both in magnitude and time scale. Fraud 
may, of course, amplify these instabilities 
or may push the system beyond a tipping 
point, but it is not the primary driving 
force, as these instabilities are an emergent 
outcome of complex financial networks (8). 
The argument about fraud is not one 
against models or our complexity approach, 
and economic theory offers ways to inves- 
tigate what fraud and breaching of trust 
would do to a system. For example, methods 
and insight from the theory of evolutionary 
biology and evolutionary game theory can 
be used to include agents that “cheat” the 
system by not following accepted sets of 
rules in their behavior (9, 10). 
Stefano Battiston,’ Doyne Farmer,”* 
Andreas Flache,* Diego Garlaschelli,* 
Andy Haldane,® Hans Heesterbeek,’ Cars 
Hommes,®:9* Carlo Jaeger,’ Robert 
May,” Marten Scheffer 
1Department of Banking and Finance, University of 
Zurich, 8032 Zurich, Switzerland. 
?Institute for New Economic Thinking, Oxford 
Martin School, and Mathematical Institute, 
University of Oxford, Oxford OX1 2JD, UK. *Santa Fe 
Institute, Santa Fe, NM 87501, USA. *Department 
of Sociology, University of Groningen, 9712 TG 
Groningen, Netherlands. °Lorentz Institute for 
Theoretical Physics, University of Leiden, 2333 CA 
Leiden, Netherlands. °Bank of England, London, 
EC2R 8AH, UK. ‘Faculty of Veterinary Medicine, 
University of Utrecht, 3512 JE Utrecht, Netherlands. 
®Amsterdam School of Economics, University of 
Amsterdam, 1018 WB Amsterdam, Netherlands. 
°Tinbergen Institute, 1082 MS Amsterdam, 
Netherlands. !°Beijing Normal University, Beijing, 
100875 China. "Potsdam University, 14469 
Potsdam, Germany. “Global Climate Forum 
10178 Berlin, Germany. “Department of Zoology, 
University of Oxford, Oxford OX1 2JD, UK. 


“Environmental Sciences, Wageningen University 
6708 PB Wageningen, Netherlands. 


*Corresponding author. 
E-mail: c.h.hommes@uva.nl 


REFERENCES 


1. R.E.Lucas Jr., Carnegie-Rochester Conf. Ser. Public Pol. 
1,19 (1976). 

2. A.G.Haldane, “On microscopes and telescopes” 
(Workshop Socio-Economic Complexity, Lorentz Center, 
Leiden, 2015); www.bankofengland.co.uk/publications/ 
Pages/speeches/2015/812.aspx. 

3. J.Geanakoplos et al.,Am. Econ. Rev.102, 53 (2012). 

4. W.Bolt,M. Demertzis, C. Diks,C. Hommes, M. van der 
Leij, “Identifying booms and busts in house prices under 
heterogeneous expectations” (CeNDEF Working Paper, 
University of Amsterdam, 2015). 

5. V.L.Smith, G.L. Suchanek, A. W. Williams, Econometrica 
56, 1119 (1988). 

6. C.H.Hommes, J. Sonnemans, J. Tuinstra, H. van de Velden, 
Rev. Econ. Stud.18, 955 (2005). 

7. P.Klimek, S. Poledna, J.D. Farmer, S. Thurner, J. Econ. 
Dynam. Control 50, 144 (2015). 

8. M.Bardoscia, S. Battiston, F. Caccioli, F.Caldarelli, 
“Pathways towards instability in financial networks” 
(2016); http://arxiv.org/abs/1 602.05883. 

9. S.D.Ramchurn, Dong Huynh, N.R. Jennings, Knowl. Eng. 
Rev.19,1(2004). 

10. C. Riehl, M.E. Frederickson, Philos. Trans. R. Soc. London 
Ser. B 371, 20150090 (2016). 


sciencemag.org SCIENCE 


PHOTO: ASSOCIATED PRESS 


RESEARCH 


REVIEW SUMMARY 


PHOTOVOLTAICS 


Photovoltaic materials: Present 
efficiencies and future challenges 


Albert Polman,* Mark Knight, Erik C. Garnett, Bruno Ehrler, Wim C. Sinke 


BACKGROUND: Photovoltaics, which directly 
convert solar energy into electricity, offer a 
practical and sustainable solution to the chal- 
lenge of meeting the increasing global energy 
demand. According to the Shockley-Queisser 
(S-Q) detailed-balance model, the limiting 
photovoltaic energy conversion efficiency for 
a single-junction solar cell is 33.7%, for an 
optimum semiconductor band gap of 1.34 eV. 
Parallel to the development of wafer-based Si 
solar cells, for which the record efficiency has 
continually increased during recent decades, 
a large range of thin-film materials have been 
developed with the aim to approach the S-Q 
limit. These materials can potentially be de- 
posited at low cost, in flexible geometries, and 
using relatively small material quantities. 


ADVANCES: We review the electrical charac- 
teristics of record-efficiency cells made from 16 
widely studied photovoltaic material geome- 
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tries and illuminated under the standard AM1.5 
solar spectrum, and compare these to the fun- 
damental limits based on the S-Q model. Cells 
that show a short-circuit current J/g.) lower 
than the S-Q limit suffer from incomplete light 
absorption or incomplete collection of gener- 
ated carriers, whereas a reduced open-circuit 
voltage (V,,) or fill factor (FF) reflects unwanted 
bulk or interfacial carrier recombination, para- 
sitic resistance, or other electrical nonideal- 
ities. The figure shows the experimental values 
for J,, and the V,, x FF product relative to the 
S-Q limiting values for the different materials. 
This graph enables a direct identification of 
each material in terms of unoptimized light man- 
agement and carrier collection Usc/Jsq < 1) or 
carrier management (Vo. x FF/Vsq x FF sq < 1). 

Monocrystalline Si cells (record efficien- 
cy 25.6%) have reached near-complete light 
trapping and carrier collection and are mostly 
limited by remaining carrier recombination 
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Limiting processes in photovoltaic materials. An efficient solar cell captures and traps all 
incident light (“light management”) and converts it to electrical carriers that are efficiently collected 
(“carrier management”). The plot shows the short-circuit current and product of open-circuit 
voltage and fill factor relative to the maximum achievable values, based on the Shockley-Queisser 
detailed-balance limit, for the most efficient solar cell made with each photovoltaic material. The 
data indicate whether a particular material requires better light management, carrier management, 
or both. Colors correspond to cells achieving <50% of their S-Q efficiency limit nsg (red), 50 to 75% 
(green), or >75% (blue). 
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losses. In contrast, thin-film single-crystalline 
GaAs cells (28.8%) show only minimal recom- 
bination losses but can be improved by better 
light management. Polycrystalline CdTe thin- 
film cells (21.5%) offer excellent light absorption 
but have relatively high recombination losses; 
perovskite cells (21.0%) and Cu(In,Ga)(Se,S)5 
(CIGS) cells (21.7%) have poorer light manage- 
ment, although CIGS displays higher electrical 
quality. 

Aside from these five materials (Si, GaAs, CdTe, 
CIGS, perovskite) with efficiencies of >20%, a 
broad range of other thin-film materials have 
been developed with efficiencies of 10 to 12%: 
micro/nanocrystalline and amorphous Si, Cu 

(Zn,Sn)(Se,S). (CZTS), dye- 
sensitized TiO, organic 
Read the full article polymer materials, and 
at http://dx.doi. quantum dot solids. So far, 
org/10.1126/ cell designs based on these 
science.aad4424 materials all suffer from 
‘lade Magtanieacrneceaaise both light management 
and carrier management problems. Organic 
and quantum dot solar cells have shown sub- 
stantial efficiency improvements in recent years. 


OUTLOOK: The record-efficiency single- 
crystalline materials (Si, GaAs) have room 
for efficiency improvements by a few abso- 
lute percent. The future will tell whether the 
high-efficiency polycrystalline thin films (CdTe, 
CIGS, perovskite) can rival the efficiencies of 
Si and GaAs. Because the cost of photovoltaic 
systems is only partly determined by the cost 
of the solar cells, efficiency is a key driver to 
reduce the cost of solar energy, and therefore 
large-area photovoltaic systems require high- 
efficiency (>20%), low-cost solar cells. The 
lower-efficiency (flexible) materials can find 
applications in building-integrated PV systems, 
flexible electronics, flexible power generation 
systems, and many other (sometimes niche) 
markets. High-efficiency (>20%) materials find 
applications in large-area photovoltaic power 
generation for the utility grid as well as in small 
and medium-sized systems for the built envi- 
ronment. They will enable very large-scale pen- 
etration into our energy system, starting now 
and growing as the cost per kilowatt-hour is 
reduced further by a factor of 2 to 3. This can 
be achieved by nanophotonic cell designs, in 
which optically resonant and nonresonant struc- 
tures are integrated with the solar cell archi- 
tecture to enhance light coupling and trapping, 
in combination with continued materials engi- 
neering to further optimize cell voltage. Making 
big steps forward in these areas will require a 
coordinated international materials science and 
engineering effort. 
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Recent developments in photovoltaic materials have led to continual improvements 

in their efficiency. We review the electrical characteristics of 16 widely studied geometries 

of photovoltaic materials with efficiencies of 10 to 29%. Comparison of these characteristics 
to the fundamental limits based on the Shockley-Queisser detailed-balance model provides 

a basis for identifying the key limiting factors, related to efficient light management and 
charge carrier collection, for these materials. Prospects for practical application and large-area 


fabrication are discussed for each material. 


hotovoltaics (PV), which directly convert 

solar energy into electricity, offer a practical 

and sustainable solution to the challenge 

of meeting the increasing global energy 
demand. In recent years, the decreasing 

price of PV systems has levelized the cost of PV- 
produced electricity to the point that it can now 
compete with the variable portion of consumer 
electricity prices in many countries worldwide: 
The point of “socket parity” has been reached (J). 
Substantial further cost reduction is needed, how- 
ever, to allow PV to compete in more electricity 
markets and to enter the multi-terawatt regime. 
Aside from the solar cell and module fabrication 
costs, a major and increasing fraction of the cost 
of PV generation (typically 50%) is related to com- 
ponent and installation requirements such as in- 
verters, cabling, mounting structures, and labor 
(1). As a result, solar cell efficiency is a key lever 
for PV cost reduction: For a given output power, 
a higher cell efficiency directly translates into a 
smaller and therefore less expensive PV system, 
reducing the levelized cost of electricity. A higher 
power generation rate per unit area is also impor- 
tant in urban environments where space is limited. 
The development of PV materials is experiencing 
an enormous growth, and efficiency records are 
continually broken. Below, we systematically com- 
pare the state of the art of the 16 most studied 
geometries of PV materials, with emphasis on the 
limitations of each material and its potential for 
further improvement and large-scale application. 
Solar cells are made of semiconductor mate- 
rials; given the broad solar spectrum, their funda- 
mental efficiency limit is determined by several 
factors (Fig. 1). Photons with energies below the 
band gap are not absorbed, whereas photons with 
energies above the band gap are not fully converted 
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to electrical energy because of thermalization of 
charge carriers (Fig. 1A, inset). Taking these two 
factors into account, ~45% of the incident spectrum- 
integrated solar power remains for semiconductors 
with a band gap of 1.1 to 1.4 eV. This is the max- 
imum power that would be generated if the cell 
were operated at a voltage corresponding to the 
band gap energy and a current corresponding to 
full capture of all photons with energy above the 
band gap, followed by full collection of all gen- 
erated carriers. 

Even in an ideal case, however, the open-circuit 
voltage V,. is always lower than the band gap 
energy because thermodynamic detailed balance 
requires the cell to be in equilibrium with its en- 
vironment, which implies that there is spontane- 
ous light emission from the cell. The corresponding 
radiative carrier recombination represents a dark 
current that causes V,, to be well below the band 
gap voltage V, (Fig. 1A, inset). Furthermore, under 
maximum-power operation (at maximum J x V), 
the voltage Vinp is lower than V,, and the current 
density Jmp is lower than the maximum (short- 
circuit) current density J,. (Fig. 2A, inset). The 
efficiency limit that takes all these factors into ac- 
count was first derived by Shockley and Queisser 
(S-Q) in 1961 (2). Figure 1B shows this limiting 
efficiency for a single-junction solar cell under 
“one-sun” illumination with the standard AM1.5 
solar spectrum as a function of band gap; the max- 
imum efficiency occurs for a semiconductor with 
a band gap of 1.34 eV and is 33.7%. 

In practical solar cells, not all incident light is 
absorbed in the active layer(s) and not all gener- 
ated carriers are collected; hence, J,, is below the 
maximum value that can be achieved for a given 
band gap, E,. The achievable V,, is also reduced 
below the S-Q value by such phenomena as 
Auger recombination, band tail recombination, 
and recombination at bulk, interface, and surface 
defects (3-5). Furthermore, resistance and con- 
tact losses and other nonidealities reduce the fill 
factor FF = JmnpVmp)/(VocFsc). Combined, these 
factors lead to practical efficiencies that are often 


substantially lower than the S-Q limit for a given 
band gap. 


Ideal and record-efficiency solar 
cells compared 


We distinguish three classes of PV materials: (i) 
ultrahigh-efficiency monocrystalline materials with 
efficiencies of >'75% of the S-Q limit for the corre- 
sponding band gap: Si (homojunction and hetero- 
junction), GaAs, and GalInP; (ii) high-efficiency 
multi- and polycrystalline materials (50 to 75% 
of the S-Q limit): Si, Cu(In,Ga)(Se,S). (““CIGS”), 
CdTe, methyl ammonium lead halide perovskite 
[CH3NH3Pd(I,Cl,Br)3], and InP; and (iii) low- 
efficiency materials (<50% of the S-Q limit): micro- 
or nanocrystalline and amorphous Si, Cu(Zn,Sn) 
(Se,S)o (““CZTS”), dye-sensitized TiO., organic and 
polymer materials, and quantum dot materials. 

The record efficiency for each of these mate- 
rials is plotted in Fig. 1B (see also table S1). The 
experimental values for J,., V., and FF for the 
record-efficiency cell reported for each individual 
material are shown in Fig. 2, A to C, together 
with the limiting values calculated using the S-Q 
model (2). The experimental values for J. gener- 
ally follow the trend given by the S-Q limit, with 
some materials closely approaching this limit. 
Values for V,, and FF are much more scattered, 
with only a few materials approaching the S-Q 
limit. To analyze these trends, we evaluated two 
characteristic parameters for each material: (i) the 
current ratio j = Jgc/Jsq, Which indicates the de- 
gree of light coupling, absorption, and trapping 
in the active layer(s) of the cell, and also depends 
on the carrier collection efficiency; and (ii) the volt- 
age ratio v = Voc/Vsq, which is primarily related 
to the degree of recombination of carriers in the 
bulk, surfaces, and interfaces. Together, the voltage 
ratio v and fill factor ratio f= FF/FF sq indicate the 
total electrical limitations of a cell (6). A plot of 
j versus v x ffor all evaluated materials (Fig. 3) 
directly indicates to what degree the cell efficiency 
is limited by light management or charge carrier 
management. Next, we describe these data for all 
materials. 


Silicon (efficiency 25.0 to 25.6%) 


Silicon has a nearly ideal band gap (E, = 1.12 eV) 
for reaching high efficiency (Fig. 1). Si homo- 
junction cells are based on a p-n junction made 
into either p-type or n-type Si(100) substrates. 
Several advanced device architectures and con- 
tacting schemes have been developed for Si solar 
cells. Contact recombination represents a major 
source of loss, so the most successful approaches 
minimize contact area (e.g., by localized heavy 
doping or metal deposition), implement passi- 
vated contacts, or use a combination of these ap- 
proaches. In parallel, surface passivation of Si using 
SigN,, Al,O3, SiOz, or combinations of these ma- 
terials has been developed to great perfection. The 
record efficiency for a monocrystalline Si homo- 
junction cell was recently set at 25.1% (7) for a cell 
with a full-area tunnel oxide passivated rear con- 
tact and high-quality top surface passivation (the 
TOPCon design; Fig. 4A), slightly higher than the 
value of 25.0% (8, 9) reported in 1998 for a cell 
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Fig. 1. Fundamental solar cell efficiency limits and present-day records. 
(A) AML®5 solar spectrum with distinct dips due to molecular absorption in 
Earth's atmosphere. Photons with energies below the band gap (Eg, dashed 
black line corresponds to the band gap of Si) are not absorbed, whereas 
photons with energies above the band gap are not fully converted to electrical 
energy because of thermalization of charge carriers. The maximum power 


that used local contacts and high-quality surface 
passivation [the passivated emitter rear localized 
diffused (PERL) design]. 

The TOPCon cell has excellent current gener- 
ation and collection (7 = 0.96), similar to the value 
achieved for two other record-efficiency Si solar 
cell designs (table S1). This results from a combi- 
nation of very low surface reflection [achieved by 
a pyramidal (111)-faceted surface texture combined 
with an anti-reflection coating (ARC)] and very 
low recombination losses in the Si wafer and at 
the surfaces and contact interfaces. Low recombi- 
nation is also reflected in the relatively high volt- 
age of the TOPCon cell (v = 0.82). 

In aradically different design, both the p-n junc- 
tion and the contacts are placed at the rear of the 
cell. This interdigitated back-contact (IBC) design 
features alternating p-type and n-type contact re- 
gions (Fig. 4B). The IBC design eliminates front 
contact shading losses and reduces series resist- 
ance by allowing more metal to be used for cur- 
rent collection and transport. This comes at the 
cost of more challenging carrier transport in the 
device (carriers generated near the surface must 
be collected at the back) and requires the use of 
very high-quality material. Overall current gener- 
ation and collection in the IBC cell is slightly lower 
than in the TOPCon cell (j = 0.95 versus 0.96), as 
is the record efficiency (25.0% versus 25.1%) (9-11). 
Note that the IBC cell has an area of 120 cm’, 
whereas the TOPCon cell measures 4 cm”. The 
IBC cell uses a doped surface layer, which creates 
a front surface field that repels carriers from the 
surface, and has a SisN, top layer that serves as 
both an ARC and a high-quality passivation layer 
for the Si surface. The lower surface and bulk 
recombination rates lead to a slightly higher 
voltage (v = 0.83) for the IBC cell relative to the 
TOPCon cell. 

An efficiency record of 25.6% was recently re- 
ported for an IBC Si solar cell that uses silicon 
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heterojunctions (SHJs) rather than homojunc- 
tions for carrier collection (9, 12). In this approach, 
a thin stack of doped and intrinsic hydrogenated 
amorphous Si (a-Si:H) layers is deposited onto 
a crystalline Si surface to form a junction, replac- 
ing the process of junction formation by high- 
temperature dopant diffusion (Fig. 4C). The SHJ 
design avoids carrier recombination in highly 
doped p-type and n-type regions and is made 
using a low-temperature process, which better 
preserves the minority carrier lifetime of the Si 
wafer. The surface of the record SHJ cell is pas- 
sivated with a-Si:H. This design led to the highest 
voltage observed for a Si solar cell (v = 0.84). The 
overall result of carrier generation and collection 
is similar to that of the TOPCon cell (7 = 0.96). 
The origins of the small remaining losses in these 
high-efficiency Si cells are quite different because 
of their different design and mode of operation. 
As a result of the indirect band gap of Si, the 
absorption coefficient is relatively low and varies 
only gradually around the band gap energy, so 
that a relatively thick wafer is required to absorb 
all light with photon energies above the band gap. 
This, however, leads to higher bulk (Auger) re- 
combination and thus reduces V,.. Moreover, it 
increases the material costs. The present tradeoff 
among cost, manufacturability, and performance 
leads to an optimum Si wafer thickness of 100 to 
200 um for commercial cells. These wafers are made 
by diamond wire sawing from monocrystalline Si 
rods produced by Czochralski crystal growth. 
Multicrystalline Si wafers are cut from cast 
ingots produced using directional (unseeded or 
seeded) crystallization, and their fabrication cost 
is lower than that of monocrystalline wafers. The 
typical grain size depends on the growth method 
and can be as large as several centimeters. Multi- 
crystalline Si has a lower electronic quality, due 
to crystal grain boundaries and intragrain defects, 
as well as a higher concentration of impurities. As 
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generated by the cell is limited by voltage loss relative to the band gap voltage. 
Inset: Electronic band structure with the separation of the quasi-Fermi levels 
determining the open-circuit voltage Vo¢. (B) Theoretical Shockley-Queisser 
detailed-balance efficiency limit as a function of band gap (black line) and 75% 
and 50% of the limit (gray lines). The record efficiencies for different materials 
are plotted for the corresponding band gaps. 


a result, the record-efficiency multicrystalline Si 
cell has large voltage loss (v = 0.76). Light trapping 
in these cells is less efficient because the ideal py- 
ramidal surface texture normally formed by alkaline- 
etching Si(100) to the (111) surface facets cannot be 
realized on a multicrystalline surface. This, to- 
gether with incomplete carrier collection due to 
recombination, leads to a reduced current (j = 
0.91). Together, these voltage and current losses 
yield a lower efficiency (20.8%) (9, 13) than for 
monocrystalline Si cells. The record-efficiency multi- 
crystalline Si cell has a passivated emitter and rear 
cell (PERC) p-n junction design (Fig. 4D). 

According to the S-Q model, the efficiency limit 
for Si solar cells is 33.3%, far above the experi- 
mental record of 25.6%. A key limiting factor that 
is not accounted for in the S-Q model is Auger 
recombination of free carriers that occurs under il- 
lumination. Taking this into account for Si, the ef- 
ficiency limit for an undoped (monocrystalline) Si 
cell with optimized thickness (110 um) was calcu- 
lated to be 29.4% (14), leaving room for further 
development of existing technologies in the com- 
ing years. 

Today the global PV market is dominated by 
wafer-based crystalline Si solar modules, with a 
total market share of >90%. Multicrystalline Si 
represents ~65% and monocrystalline Si ~35% of 
this market segment (75). PV systems based on Si 
solar cells installed in the field have been shown 
to offer high reliability and very limited efficiency 
degradation over a period longer than 25 years. 


GaAs (efficiency 28.8%) 


The record efficiency for a single-junction solar 
cell under one-sun illumination has been achieved 
using GaAs (28.8%) (9, 16). This material has a 
direct band gap close to the optimum (1.42 eV; 
Fig. 1). Because of the high optical absorption co- 
efficient of GaAs, the cell thickness can be kept rel- 
atively small (~2 um) to harvest the solar spectrum 
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up to the band gap. The record-efficiency cell de- 
sign has a n-GaAs/p-Alo 3Gao,7As junction geome- 
try with high-band gap window layers that serve 
to retain minority carriers in the GaAs active layer 
(Fig. 4E). The GaAs heterostructure is epitaxially 
grown using chemical vapor deposition, which is 
a relatively energy-intensive process. Interesting- 
ly, the record efficiency was achieved using a lift- 
off process, in which a GaAs foil ~2 1m thick was 
exfoliated from the substrate (by chemical etching 
of an AlAs buffer layer) and laminated onto a Cu 
substrate. The voltage of the record-efficiency cell 
is very high (v = 0.97). Light reflection, top-finger 
shadowing, incomplete light trapping, and absorp- 
tion in the metal back contact result in some cur- 
rent loss (7 = 0.92), leaving room for improvement. 
Application of an IBC geometry, for example, could 
potentially further increase j. An intermediate di- 
electric back-reflecting geometry can reduce para- 
sitic absorption in the metal back contact. The fill 
factor in these cells is very high (f= 0.97). Taking 
into account Auger recombination, the maximum 
efficiency that can be achieved for a practical 
single-junction GaAs cell is ~32% (17), substan- 
tially greater than the current record value. 
Whereas III-V solar cells have traditionally been 
used in niche markets requiring high efficiency 
on a small area, such as space technology, the 
newly developed layer-transfer technology enables 
fabrication of large-area flexible (single-junction) 
GaAs technology at reduced cost for a much 
broader range of applications. Encapsulation and 
recycling of commercial GaAs modules is impor- 
tant because of the use of the toxic element As. 


InP (efficiency 22.1%) and GalnP 
(efficiency 20.8%) 


Two other III-V compound semiconductors that 
have achieved high efficiencies are InP and GaInP. 
InP (Z, = 1.35 eV) has a band gap similar to that 
of GaAs, but the maximum reported efficiency of 
22.1% (9, 18) is much lower than for GaAs; this 
difference is due to both lower voltage and lower 
current (v = 0.81, 7 = 0.85). Because of the existing 
high-efficiency GaAs alternative and the scarcity 
and associated high cost of In, developments on 
InP cells have been minimal in the past decade. 
GalnP has a relatively high band gap (1.81 eV), for 
which the S-Q limit efficiency is 25.2%. The record 
efficiency achieved for a GalnP cell is 20.8% (9, 19). 
The voltage loss on the record cell is extremely small 
(v = 0.96), but current collection (j = 0.82) in these 
cells leaves much room for improvement. The 
record-efficiency GalnP cell has the highest fill 
factor achieved for any material (FF = 0.89; f= 
0.98), which is partly related to the high band gap 
(Fig. 2C). Because of its large band gap, GaInP is 
used in I1]-V multijunction solar cell geometries. 
Recently, a mechanically stacked tandem composed 
of a GalnP top cell and a Si heterojunction base cell 
was reported with an efficiency of 29.8% (11). 


CIGS (efficiency 21.7%) 


The record efficiency of Cu(In,Ga)(Se,S). (CIGS) 
thin-film solar cells has steadily increased over 
the past 20 years, with the present record value 
at 21.7% (9, 20), making it the highest-efficiency 
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thin-film solar cell material to date, very closely 
followed by CdTe at 21.5% (9, 27). CIGS has a 
chalcopyrite crystal structure and its band gap can 
be continuously tuned between ~1.0 and 2.4: eV by 
varying the In/Ga and Se/S ratios, with the low- 
band gap compositions so far always giving the 
best performance. Polycrystalline films of CIGS 
are made using sputtering or evaporation from 
the constituent elements and are typically depo- 
sited onto a Mo film that is sputtered on a soda- 
lime glass substrate. The typical active layer 
thickness is ~2 to 3 um. Sodium diffusing from 
the glass substrate into the CIGS layer has been 
found to play a key role in passivating defects in 
the CIGS layer; the record cell also incorporated 
traces of K. The CIGS composition is typically 
graded to form an electric field that repels minority 
carriers from the Mo back contact, which is a strong 
recombination sink. The cell is finalized by the 
chemical-bath deposition of CdS to form a hetero- 
junction followed by an intrinsic ZnO buffer layer, 
a transparent ZnO:Al conducting layer (TCL), and 
a MgF, ARC (Fig. 4F). In some recent high-efficiency 
devices, the CdS layer is replaced by the more 
transparent ZnO,S;_.. Indium is a key element in 
CIGS, and its scarcity is a concern for scaling up 
CIGS module production to the terawatt level. 

The voltage for the record-efficiency CIGS cells 
(Ez = 1.13 eV) is very high, with v = 0.84, equal to 
the best monocrystalline Si cells. Given the poly- 
crystalline nature of the material, this implies that 
grain boundaries in this material do not act as 
strong carrier recombination sites. There is sub- 
stantial current loss (j = 0.84) due to light reflec- 
tion, incomplete light trapping, absorption in 
the Mo back contact, and parasitic absorption 
in the CdS and ZnO:Al layers. The absorption 
spectrum of CIGS shows a rather gradual varia- 
tion with energy around the band gap, which 
leads to unavoidable current loss in the near- 
band gap spectral range. As with all polycrystal- 
line materials, improving material quality is a 
complex process that requires optimization of 
many different parameters such as deposition 
conditions, (post-)annealing procedures, and am- 
bients. Because of the complex stoichiometry of 
CIGS, many secondary phases are possible, and 
much of the progress in efficiency has been achieved 
by optimizing the deposition and annealing pro- 
cess to avoid such detrimental by-products. Creat- 
ing a good ohmic electrical contact between Mo 
and CIGS (via a MoSe, interfacial layer) is an- 
other important factor. Replacing the CdS buffer 
layer with a nontoxic and more transparent mate- 
rial is also a key research area. 

The possibility of band gap tuning makes CIGS 
an interesting material in tandem solar cells, ei- 
ther by combining CIGS layers with different band 
gaps or by using a high-band gap CIGS top cell 
on top of a Si base cell. So far, however, high-band 
gap (Ga-rich) CIGS cells have not yielded suffi- 
cient efficiencies for a CIGS/Si tandem to beat the 
record-efficiency Si cell. 


CdTe (efficiency 21.5%) 


CdTe is a binary semiconductor with a cubic 
zincblende crystal structure and a near-ideal band 
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Fig. 2. Record-efficiency cell parameters com- 
pared to the detailed-balance limit. Single-junction 
solar cell parameters are shown as a function of band 
gap energy according to the Shockley-Queisser 
limit (Solid lines) and experimental values for record- 
efficiency cells. (A) Short-circuit current J... Inset: 
A typical current-voltage J(V) curve, with Voc, Isc. 
Vinp: ANd Jp indicated. The product of current and 
voltage is highest at the maximum power point 
(JmpVmp)- (B) Open-circuit voltage V,,. The voltage 
corresponding to the band gap is shown for refer- 
ence, with the voltage gap V,-Vsq indicated by the 
gray shaded region. (C) Fill factor FF = (SmpVmp)/ 
(Voelsc). All data are for standard AML1.5 illumina- 
tion at 1000 W/m?. 


gap of 1.43 eV. It can be deposited at relatively low 
temperature using evaporation from CdTe pow- 
der. Cells are typically grown in a superstrate con- 
figuration starting from a glass substrate coated 
with fluorine-doped tin oxide (FTO). The subse- 
quent layer stack usually consists of CdS (generally 
deposited by chemical bath deposition), followed 
by evaporated CdTe (thickness typically 2 to 3 um) 
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and a metal back contact such as Al or Ti, in some 
cases with a CuZnTe interfacial layer between the 
metal and the CdTe (Fig. 4G). 

The highest reported certified efficiency for 
CdTe is 21.5% (9, 27), although for the purpose of 
this review we analyze cells with the previous 
record of 21.0% (22) because detailed data for the 
new record-efficiency cell are not yet available. 
The steep absorption coefficient versus energy 
for CdTe enables very good current collection in 
CdTe cells (7 = 0.96), far superior to any other 
thin-film technology and equal to that of the 
record-efficiency monocrystalline Si cells. The 
high voltage loss in CdTe cells (v = 0.75) is attri- 
buted to recombination losses in the crystal grains 
and at interfaces in the polycrystalline material; 
the exact nature of this recombination is still 
unclear. 

CdTe solar modules are commercially produced 
by several companies and have the largest market 
share among present thin-film technologies, which 
are dominated by CdTe, CIGS, and thin-film Si. 
Recycling systems have been set up for commer- 
cial CdTe modules, which is particularly impor- 
tant because of the use of the toxic element Cd; 
the scarcity of Te is also a concern. 


Methyl ammonium lead halide perovskite 
(efficiency 21.0%) 


Hybrid organic-inorganic perovskite solar cells 
have recently taken the PV research world by 
storm, with efficiencies above 20% achieved after 
only 5 years of substantial work. These materials 
have the general formula ABX3, where A is an 
organic cation (most often methylammonium, 
CH3NHs), B is an inorganic cation (usually Pb), 
and X is a halide [typically I, often with a small 
fraction of Cl or Br: CH3NH3Pb(I,CI1,Br)3]. Depend- 
ing on the halide used, the band gap can be con- 
tinuously tuned from ~1.6 eV (pure I) to 3.2 eV 
(pure Cl), with the smaller-band gap materials 
providing better solar cell efficiencies (23). Even 
smaller band gaps can be achieved using a different 
organic cation (e.g., formamidinium, H,NCHNH,) 
or inorganic cation (e.g., Sn), and such compounds 
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are desirable as they have a higher efficiency limit 
(Fig. 1B). 

The perovskite salts form polycrystalline films 
with a perovskite structure at or near room tem- 
perature by precipitation from a variety of polar 
solvents (commonly dimethyl formamide or di- 
methyl sulfoxide). The device geometry is usually 
very similar to, and inspired by, those used for 
solid-state dye-sensitized or polymer bulk hetero- 
junction solar cells. Typically, an FTO-coated glass 
substrate is coated with an electron-selective con- 
tact (usually TiO.). Subsequently, the perovskite 
is deposited either by spin-coating the soluble 
precursors (methyl ammonium iodide and lead 
iodide, bromide, or chloride) or evaporating the 
constituent powders. A low-temperature anneal- 
ing process (<150°C) often helps to improve crystal- 
linity, film morphology, and device performance. 
Finally, the hole-selective top contact (usually Spiro- 
OMeTAD, CgyHegN40s) is spin-coated on top, and 
the back contact (usually gold) is evaporated to 
finish the device (Fig. 4H). 

The record perovskite solar cell efficiency is 
21.0% (9, 24), although for the purpose of this re- 
view we analyze cells with the previous record of 
20.1% (9, 24) because detailed data for the new 
record cell are not yet available. This cell has a 
very small area and exhibits a relatively small vol- 
tage loss (v = 0.83), even better than the record- 
efficiency monocrystalline Si homojunction cells, 
which is remarkable for a solution-processed semi- 
conductor. Even though the absorption spec- 
trum of perovskites shows a very sharp onset, 
comparable to that of the best semiconductor ab- 
sorbers (CdTe and GaAs), the photocurrent loss is 
still substantial (j = 0.88). This loss comes pri- 
marily from parasitic absorption in the hole- 
conducting layer and the back reflector. The fill 
factor in these cells (FF = 0.73; f = 0.81) is the 
lowest of all cells with efficiencies greater than 
20%, most likely because of a combination of 
nonuniformity in the absorber (e.g., pinholes) 
and carrier-selective contacts that lead to carrier 
shunting, along with resistive losses associated 
with nonideal carrier-selective contacts. The fill 


factor (and thus the efficiency) is expected to 
continue to increase as these factors are opti- 
mized further. 

Despite their excellent initial performance, hy- 
brid perovskite solar cells are known to degrade 
within a few hours to days under standard operat- 
ing conditions; at present this is the greatest bar- 
rier to commercial implementation. The origins 
of perovskite cell instability are currently a topic 
of active research, although photoreduction by 
ultraviolet light and reactions with water have 
already been identified as likely candidates. Also, 
measurements of the current-voltage character- 
istics can suffer from hysteresis, making efficiency 
analysis complex. The origin of this hysteresis is 
still unclear, but the leading hypothesis involves 
ion (or vacancy) migration under operating condi- 
tions. The perovskite salts are partially soluble in 
water, so the cells are sensitive to humidity. Be- 
cause of Pb toxicity, encapsulation and recycling 
are important for this technology to become viable 
for large-scale application. The toxicity challenge 
is greater for this material than for CdTe and 
GaAs because the much higher water solubility 
and lower vaporization temperature make envi- 
ronmental exposure during module encapsulation 
failure (breakage, fire) more dangerous. Large- 
band gap perovskites may serve as a top cell in 
Si/perovskite tandem solar cells that have a po- 
tential efficiency above 30%; such an application 
provides a possible entry point to the market for 
the perovskite technology and is currently under 
intense research. 


CZTS (efficiency 12.6%) 


Cu(Zn,Sn)(S,Se). (CZTS) is a solar cell material 
similar to CIGS, but with the scarce element In 
replaced by Zn and Ga replaced by Sn. CZTS can 
crystallize to form either a kesterite or stannite 
crystal structure, with kesterite being preferable 
for PV applications. As in CIGS, the band gap of 
CZTS can be tuned over a substantial range (1.0 
to 1.6 eV); the best results have been achieved for 
a Cu-poor, Zn-rich stoichiometry with the band gap 
controlled by the S/Se ratio (25). The cell structure 
is nearly identical to what is used for CIGS. Cell 
fabrication can also follow a similar process, al- 
though the record-efficiency CZTS cells have been 
made using solution deposition of chalcogenides 
dissolved in hydrazine followed by annealing in 
selenium vapor. The record CZTS cell has an ef- 
ficiency of 12.6% (9, 26) and suffers from large 
voltage loss (v = 0.58) due to recombination at 
defects in the bulk material and at the charge 
extraction interfaces. As with CIGS, the complex 
nature of the material requires study of many dif- 
ferent types of defects and careful engineering of 
the fabrication and device processing to minimize 
the most detrimental defects. Controlling inter- 
facial reactions at the Mo metal contact is crucial 
for reducing interfacial recombination and min- 
imizing series resistance. Current loss in CZTS cells 
is comparable to that of CIGS (j = 0.81). Finding 
an alternative back contact with lower optical loss 
(higher reflectivity) that can withstand the full de- 
vice processing and maintain low series resistance 
would be a major breakthrough in the development 
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Fig. 4. Layer and contact geometry for solar cells with record efficiencies above 20%. (A) TOPCon crystalline Si (Fraunhofer). (B) IBC crystalline Si 
(SunPower). (C) Heterojunction IBC crystalline Si (Panasonic). (D) Multicrystalline Si (Trina Solar). (E) GaAs thin film (Alta Devices). (F) CIGS thin film (ZSW 
Stuttgart). (G) CdTe thin film (First Solar). (H) Perovskite thin film (KRICT). For industrial cells, the exact geometry is not publicly available. 


of CZTS solar cells, although the biggest factor 
limiting efficiency is the low V,,, a consequence 
of the relatively poor material quality. 


Dye-sensitized solar cells 

(efficiency 11.9%) 

Dye-sensitized solar cells are a special class of 
devices, as they involve an electrochemical power 
generation process. In these cells, the absorber is 
not an extended solid semiconductor but a mo- 
lecular dye (typically a ruthenium organometal- 
lic complex, although zinc porphyrin and even 
purely organic dyes have also given very high ef- 
ficiencies) that is coated onto a highly porous 
nanostructured electrode (typically TiO.). The 
photoexcited dye injects electrons into the con- 
duction band of the TiO, and accepts electrons 
from a redox couple (typically I"/I*”, although 
higher voltages have been reached with Co-based 
redox couples) in a nonaqueous electrolyte. The re- 
dox active species must then diffuse to the counter 
electrode (usually Pt or graphite) to be regen- 
erated and complete the current circuit. Dye- 
sensitized solar cells are made by depositing a 
very thin compact TiO, layer typically on FTO, 
followed by formation of mesoporous TiO, by 
printing a TiO, nanoparticle paste, annealing, 
TiCl, treatment to passivate surface traps, and 
finally dye adsorption by immersion in solution. 
A glass plate covered with the counter electrode 
is brought very close to the substrate using spacers, 
and the cell is filled with electrolyte and sealed. 
Here, we analyze these cells according to the 
S-Q model, which assumes a semiconductor ab- 
sorber with an absorption band edge; although 
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this is not the case for dye-sensitized cells, the 
numbers for v and j then provide a reference rel- 
ative to a conventional semiconductor with a 
band gap equal to the peak of the dye absorption 
spectrum (1.50 eV). 

The record dye-sensitized cell has an efficiency 
of 11.9% (9, 27) with a large voltage loss (v = 0.60) 
due to the relatively low potential of the standard 
I /I* redox couple, which introduces a large energy 
loss when transferring electrons to the dye. No 
better dye-based alternatives have been found 
despite intense research over the past several years: 
Redox couples with higher potentials either react 
too quickly with electrons injected into the TiO. 
(leading to recombination) or are too bulky for 
rapid ionic diffusion through the electrolyte (lead- 
ing to strong losses in the fill factor at high light 
levels). 

An additional challenge for dye-sensitized solar 
cells is the relatively high energy and narrow band- 
width associated with molecular absorption, which 
makes it difficult to harvest a wide range of the 
solar spectrum (7 = 0.78). Using multiple dyes in- 
troduces complications with the redox chemistry, 
whereas using dyes with broader spectra reduces 
oscillator strength and requires porous electrodes 
to become too thick for efficient charge extraction. 
Despite these difficulties, dye-sensitized solar cells 
have already been commercialized because of their 
relatively simple fabrication, low-cost materials, 
and availability in a variety of colors and opacities 
that are useful when aesthetics are important. 
Moreover, dye-sensitized solar cells have served 
as a model system or inspiration for the devel- 
opment of a new class of nanostructured device 


architectures for PV solar energy conversion and 
solar fuel generation. 


Organic solar cells (efficiency 11.5%) 


Organic solar cells offer inexpensive roll-to-roll 
fabrication on flexible substrates and a wide choice 
of materials for applications where flexibility and 
color are important. Organic solar cells come in 
two varieties: sublimed small-molecule solar cells 
and solution-processed polymer/fullerene solar 
cells. The highest reported certified efficiency for 
a single-junction organic solar cell is 11.5% (28, 29), 
although for the purpose of this review we analyze 
cells with the previous record of 11.0% (9, 30) 
because detailed data for the new record-efficiency 
cell are not yet available. The previous record was 
achieved using a polymer with a 1.66-eV band gap. 

Polymer solar cells are typically prepared on 
ITO-coated glass or foil with the active polymer 
donor-fullerene acceptor blend sandwiched be- 
tween a hole-selective layer [typically poly(3,4- 
ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) or MoOs] and an electron-selective 
layer such as ZnO, TiO», or a low-work function 
material such as Ca. The typical active layer thick- 
ness is ~100 nm. 

Because of the low dielectric constant of orga- 
nic materials, photogenerated electron-hole pairs 
remain tightly bound, necessitating the use of de- 
dicated architectures such as bulk heterojunctions 
to achieve efficient charge separation and extraction. 
The energy offsets needed for the heterojunction 
to ensure efficient exciton dissociation lead to a 
voltage loss of ~0.3 eV in practice, which lowers 
the efficiency by about 2% absolute (37). Currently, 
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the limiting problems for organic solar cells are 
the high rate of nonradiative recombination (via 
trap states or triplet excited states) and the large 
degree of static and dynamic disorder, together 
yielding very large voltage loss (v = 0.57). To alarge 
extent, this voltage loss could be overcome by di- 
rect optical excitation of the charge-transfer state 
between electron donor and electron acceptor. So 
far, common material combinations show a very 
low oscillator strength of these charge-transfer 
states, rendering direct optical excitation nearly 
absent. Substantial current loss (7 = 0.82) is due 
to parasitic absorption by the selective contacts, 
incomplete absorption by the polymer, and incom- 
plete carrier collection resulting from nonradiative 
recombination (low mobility and diffusion length). 

As with thin-film Si solar cells, organic PV tech- 
nology is suffering from the fact that efficiency is 
becoming an increasingly important driver to 
reduce the cost of large-area PV systems. Also, 
organic cells often show degradation under illumi- 
nation. At the same time, a variety of attributes— 
relative ease of processing, nontoxicity, low weight, 
potential for low cost, and possibility of forming 
flexible modules of many different shapes, colors, 
and transparencies—enables applications that 
may not be achievable with thin-film flexible CIGS, 
CdTe, or perovskite cells that have much higher 
efficiency. 


Thin-film silicon 

(efficiency 10.1 to 11.4%) 

Thin-film microcrystalline or nanocrystalline Si 
solar cells can be made on a wide range of (flexible) 
substrates by means of chemical vapor deposition. 
Typically, a p-i-n geometry is grown on a ZnO:Al- 
coated textured glass substrate, followed by a 
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ZnO:Al buffer layer and Ag back contact. The re- 
cord efficiency is 11.4% (9, 32). The relatively slow 
deposition rate of crystalline Si limits the cell 
thicknesses that can be practically achieved to 
2 to 5 um, and the textured substrate often leads 
to defected growth of the microcrystalline film. 
As a result of this thickness limitation, light with 
energies near the band gap is not fully absorbed, 
leading to a very strong current penalty with = 
0.67, the lowest value of all cells reviewed here. 
Crystal grain boundaries and other defects in 
deposited micro- or nanocrystalline Si cells are 
strong sinks for minority carriers, leading to a 
large voltage loss as well (v = 0.61). 

Amorphous Si (a-Si:H) is a semiconductor with 
much stronger optical absorption than crystalline 
Si, but with a band gap well above the optimum 
(1.7 to 1.8 eV). It is made using vacuum deposition 
techniques, typically at a much higher rate than 
micro- or nanocrystalline films. Despite the incor- 
poration of hydrogen in these films to passivate 
bulk defects, the electronic quality of this mate- 
rial is rather low, with a correspondingly large 
voltage loss (v = 0.61) for the record-efficiency 
single-junction cell (10.2%) (9, 33). In a-Si:H cells, 
the optimum efficiency is strongly determined by 
the trade-off between cell thickness and carrier 
collection efficiency: A large thickness is required 
to optimize the capture of incident light, but this 
reduces the carrier collection efficiency if the cell 
is thicker than the carrier drift/diffusion length, 
which is typically a few hundred nanometers; for 
the record-efficiency cell, j = 0.78. Amorphous Si 
cells are most often fabricated in a superstrate 
configuration using a textured glass substrate 
coated with ITO as a transparent conductor. This 
then forms the starting point for the subsequent 


growth of a-Si:H, ZnO:Al buffer layer, and Ag back 
contact. 

As cell efficiency becomes an increasingly im- 
portant factor in PV cost reduction, the progress 
of thin-film Si technology has slowed in recent 
years. Yet the possibility of fabricating flexible 
modules using a roll-to-roll process provides uni- 
que application potential—for example, in build- 
ing architecture. Thin-film Si triple-junction cells 
in which amorphous and microcrystalline Si cells 
are stacked together have shown a record effi- 
ciency of 13.4% (34). 


Quantum dot solar cells 
(efficiency 9.9%) 


Quantum dot (QD) solar cells take advantage of 
the fact that semiconductor quantum dots can be 
synthesized using (low-temperature) solution pro- 
cessing, with their band gap tunable by compo- 
sition and size. The best QD solar cells so far are 
made using PbS or PbSe QDs as the active layer. 
The QDs are deposited by spin coating or dip 
coating and then passivated and functionalized 
using organic molecules or halide salts. A p-n 
junction is made in the QD layer using a combi- 
nation of surface ligands. QD cells are typically 
made on ITO- or FTO-coated glass, using a metal 
oxide (typically ZnO or TiO.) as an electron- 
selective contact. Molybdenum oxide and Au or 
Ag are typically used as the back contact. 

The record published efficiency for QD solar 
cells is 9.9% using PbS QDs with a band gap of 
1.4 eV, with an architecture similar to previous 
work (35). The 9.9% cells have very large voltage 
loss (v = 0.56), the largest loss of all cells reviewed 
here, which is attributed to the fact that the QDs 
have a distribution of sizes that results in a dis- 
tribution of band gap energies. In addition, a high 
density of radiative sub-band gap states and strong 
nonradiative surface recombination due to the 
large surface-to-volume ratio in the quantum dots 
(diameter ~5 nm) leads to recombination. Ineffi- 
cient transport of carriers by hopping through 
the QD film limits the QD film thickness that can 
be practically used. Together, incomplete absorp- 
tion and strong recombination contribute to a 
high current loss (j = 0.66). (Note that in the 
analysis we use the first excitonic peak in the ab- 
sorption spectrum as the band gap of the quan- 
tum dots; taking a smaller electronic band gap 
correspondingly increases v and decreases j.) 


Beyond the Shockley-Queisser limit 


The S-Q detailed-balance model describes the effi- 
ciency limit for a single-junction solar cell under 
one-sun illumination. Efficiencies beyond the 
S-Q limit can potentially be achieved for a single- 
junction cell by using the process of multiple ex- 
citon generation (converting a single photon to 
multiple excitons, e.g., in quantum dots), by up- or 
down-conversion of incident light (to make the in- 
cident spectral range better match the semiconduc- 
tor absorption spectrum), or by limiting the range 
of radiative emission angles (raising the cell vol- 
tage). So far, none of these “third-generation” PV 
concepts has led to an enhanced efficiency re- 
cord for one of the PV materials described above. 
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Multijunction solar cells constitute a very broad 
field of research and are beyond the scope of this 
review (36). The highest reported efficiency under 
one-sun illumination is 38.8% for a GaInAs/GalInP/ 
GaAs/AlGaInAs/AlGalInP five-junction tandem 
geometry (37). However, the manufacturing cost 
of such a complex cell architecture is very high. 

Concentrating PV—that is, increasing the solar 
flux by focusing light on a solar cell—can (linearly) 
increase J,. and (logarithmically) increase V,., 
leading to a higher efficiency. This concept is 
being applied in PV systems using macroscale 
lenses or parabolic mirrors in combination with 
ultrahigh-efficiency tandem cells. A record cell 
efficiency of 46.0% was measured using a GaInP/ 
GaAs/GaInAsP/GaInAs tandem cell under 508x 
concentrated light. Concentrating PV requires a 
tracking system to follow the Sun and requires 
direct (rather than diffuse) sunlight. 


Historical efficiency trends 


There are large differences in the rate of effi- 
ciency improvement for the different materials 
discussed above. For example, after more than 
60 years of research, single-crystalline Si is a ma- 
ture technology, and the efficiency improvements 
that have been achieved in recent years have been 
relatively small and gradual. In contrast, the re- 
cord efficiency for the new perovskite materials 
has climbed rapidly since the first cells were dem- 
onstrated, although cells with these record ef- 
ficiencies are not yet stable in efficiency. 

To illustrate recent trends in cell development, 
Fig. 5 compares present efficiencies with the 
average annual increase in absolute efficiency over 
recent years. Crystalline and multicrystalline Si 
have recently shown only gradual absolute effi- 
ciency improvements in the range of 0.04 to 0.09% 
per year; the increase in crystalline Si efficiencies 
results from progress in Si heterojunction cells. 
The high-efficiency thin-film materials perovskite 
(2.7% per year), CdTe (0.9% per year), and CIGS 
(0.2% per year) have made important steps for- 
ward over the past few years. 

Although these recently demonstrated efficiency 
increases are no guarantee of improvements in 
the future, the realization of large yearly increases 
in materials with remaining room for growth in 
v,j, and f hints that research efforts have not yet 
become constrained by fundamental limits. Addi- 
tional research will tell whether the record effi- 
ciency of CIGS, CdTe, or perovskite cells (now 4 
to 5% below that of Si IBC cells) can exceed that 
of Si cells. The efficiency record for thin-film GaAs 
cells has not been broken since 2012; a more re- 
cent record is for thin-film III-V dual-junction 
cells (31.6%) (29). In the low-efficiency (10 to 12%) 
category, quantum dot solar cells (1.3% per year) 
and organic solar cells (0.6% per year) continue 
to make strong progress. Dye-sensitized cells and 
CZTS have not reported efficiency improvements 
since 2012 and 2013, respectively. We note that 
historically, when materials are developed to the 
level of commercialization, further efficiency in- 
creases are often observed beyond the records 
first achieved in a research laboratory. For exam- 
ple, the present efficiency records for Si IBC, 
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GaAs, and CdTe cells are realized in manufac- 
turing laboratories. 


Solar module efficiencies 


Two important factors create a gap between the 
record efficiency of laboratory solar cells and the 
record efficiency of laboratory modules or average 
efficiency of commercial modules, respectively. 
First, record-efficiency cells are often small-area 
devices made using specialized laboratory tech- 
niques that may be too expensive for large-scale 
production. For example, thin-film vacuum depo- 
sition of metal contacts may be used in the lab, 
while screen printing of contacts, leading to much 
lower metal conductivity, is used in industrial fabri- 
cation facilities. Second, modules are made of a 
number of larger-area cells connected in series 
and encapsulated. In the case of wafer-based tech- 
nologies, incorporation of cells in a module in- 
evitably leads to current loss (due to incomplete 
filling of the module area) and fill factor loss 
(due to additional resistance in cell interconnects 
and the use of larger cells). Optical effects upon 
encapsulation may decrease or increase efficiency, 
depending on the specifics of module design. Ef- 
ficiencies of typical thin-film modules are lower 
than those of corresponding record cells because 
of the “dead area” associated with monolithic in- 
terconnection of strip-like cells, inhomogeneities 
or imperfections in the larger areas of the cells, 
and series resistance because of larger current 
transport distances. 

Furthermore, in practice, solar modules never 
operate under conditions equal to the standard 
test conditions (STC). The solar spectrum and in- 
tensity change during the day and vary with the 
time of year. The dependence of efficiency on in- 
cident power is generally lowest for cells with 
high FF. Here the high-efficiency (mono)crystal- 
line materials as well as thin-film CIGS and CdTe 
(all with FF > 0.79) have an advantage over perov- 
skites and the lower-efficiency thin-film materials 
(FF < 0.73). Also, solar modules heat up under 
solar irradiation, sometimes reducing the effi- 
ciency by 1 to 2% (absolute) relative to their 
STC value defined at 25°C. The temperature co- 
efficient of efficiency depends strongly on mate- 
rial and is lower for Si heterojunction cells, CdTe, 
and CIGS than for other materials (38, 39). An- 
other difference between practical, average mod- 
ule efficiency and STC efficiency is related to 
the fact that in practice modules receive light 
from a wide range of angles rather than per- 
pendicularly incident light only. This leads to 
additional reflection losses. Finally, we note that 
nearly all cell/module combinations show reduc- 
tion in efficiency over time. This is attributable to 
factors including degradation of the cells, oxida- 
tion of metallic cell interconnects, and photo- 
degradation of polymer encapsulating layers; the 
magnitude of these effects depends on the cell/ 
module combination (40). Understanding these 
degradation mechanisms in different climates is 
a complex but very important research challenge. 

On the basis of their share in the market for 
PV systems, which had an estimated value of $96 
billion in 2013 (J), it can be said that mono- 


crystalline Si, multicrystalline Si, CdTe, and CIGS 
have evolved into mature high-efficiency tech- 
nologies, with Si technology having >90% of the 
market share. Record efficiencies for large-area 
(>800 cm?) modules are 22.4% for monocrystal- 
line Si (9, 41), 18.5% for multicrystalline Si (9), 
18.6% for CdTe, and 17.5% for CIGS (9, 42). These 
materials all belong to the >75% S-Q limit (for 
monocrystalline Si) or 50 to 75% S-Q limit (for 
multicrystalline Si, CIGS, CdTe) classes in Fig. 1B, 
directly demonstrating the importance of effi- 
ciency as a lever for large-scale application. 

A recent development is the demonstration of 
single-junction GaAs solar modules with a record 
efficiency of 24.1% that are fabricated on an in- 
dustrial scale and are now on their way to com- 
mercial exploitation (4.3). It will be interesting to 
see how the manufacturing costs for each of the 
>20% module technologies will decrease in the 
coming years. Thin-film solar cells deposited on 
thin foils are also expected to find new applica- 
tions in areas where low weight-specific power 
(in terms of watts per gram) is desired, and in 
novel forms of building-integrated PV where flexi- 
ble form factors or partial transparency for visible 
light are desired. 

Thin-film amorphous and crystalline Si mod- 
ules and flexible foils have also been developed to 
a commercial level but are applied on a much 
smaller scale because of their lower efficiency 
(12.2% for a module based on a tandem geometry) 
and higher manufacturing costs (44). Further- 
more, small-area modules of dye-sensitized solar 
cells (efficiency 10.0%) (45, 46) and organic solar 
cells (9.5%) (30) are commercially available but thus 
far represent a small market. Thin-film perovskite, 
CZTS, and quantum dot solar cells have been dem- 
onstrated in the lab, but modules have not yet 
been demonstrated on an industrial scale. For 
perovskites, long-term stability and manufactura- 
bility have not yet been demonstrated; for CZTS 
and quantum dot solar cells, the low efficiency lim- 
its commercial development. Table 1 summarizes 
technological strengths and selected research tech- 
nology opportunities for all reviewed materials. 


Large-scale application of PV 


The present worldwide primary energy supply 
through all sources (fossil, nuclear, and renewable) 
amounts to 18.0 TW; final consumption is 12.3 TW 
(47). In principle, this energy need can be fully met 
using PV, in combination with proper energy trans- 
port and storage systems and secondary con- 
version into heat and fuels. Assuming a modest 
module efficiency of 20%, a system capacity factor 
of 15%, an average ground cover ratio of 50%, and 
50% losses related to storage and secondary con- 
version, 1.6% of Earth’s land area would be re- 
quired to produce an amount of energy equal to 
the current primary supply. Although in absolute 
terms this is a very large number, it is not un- 
realistic. To put this in perspective, this area is 
less than 5% of the area used for agriculture 
worldwide. Also, note that substantial land areas 
are already used today for production of fossil fuels 
and various types of biofuel. Finally, by drasti- 
cally increasing the efficiency of solar modules, 
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Table 1. Technology strengths and key research opportunities for photovoltaic materials. Materials are grouped by degree of technological development. 
Record cell and module efficiencies are indicated, based on certified measurements. GalnP and InP are not included as no significant development toward commercial 
technology exists; n.a., not available. 


, : elf ais mule Tech norey Selected research/technology 
Material efficiency efficiency strengths and oy 
e opportunities 
(%) (%) options 
Mature technologies deployed at large scale 
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improve IBC and SHJ cell designs 
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increase efficiency for large band gaps (tandem cells); 
reduce recombination losses, solution processing 
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energy payback time 


develop thinner cell designs 
using light management 


further develop thin-film multijunction 


Perovskite 


19 10.0 Tunable colors Improve redox couple; 
reduce recombination losses; 
increase band gap; 
increase stability 
11.4 12.2* Flexible modules Reduce recombination losses; 
improve light management 
IMLS) @h5) Flexible modules, Improve light management; 
semitransparent modules increase band gap; 
increase stability; 
reduce recombination losses 
28.8 24.1 ~~ Very high efficiency; Improve light management; 
flexible modules develop IBC geometry; 
cells by layer transfer 
21.0 na Solution processing; Reduce recombination losses; 


flexible modules 


improve cell stability; avoid use of Pb; 
increase efficiency for high—band gap materials 


Quantum dots 


*Microcrystalline Si/a-Si tandem geometry. 


by integrating PV into buildings and other objects, 
and by combining PV technology with other re- 
newable sources such as solar thermal energy and 
wind energy, a much smaller land area would be 
needed. 

For PV to break through at such a large scale, a 
further reduction in costs of PV technology is 
required. As stated above, increasing cell effi- 
ciency is a key driver for reducing costs, as the 
costs of the solar cells themselves constitute only 
part (<50%) of the costs of a full PV system. 
Furthermore, the overall cost of PV systems will 
decrease by economy of scale as production capac- 
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improve light management 


Solution processing; 
flexible modules 


ity and installation volumes are further increased. 
Scalability of technology and availability of raw 
materials are essential parameters, as are the 
energy costs of fabricating PV systems at a large 
scale. Long lifetime and stable operation are addi- 
tional crucial parameters, as is design-for-recycling, 
which allows valuable or toxic materials to be re- 
covered in a practical way. 


Future research directions: Light 
management and carrier management 


We have categorized the architectures of 16 PV 
materials in terms of their current and voltage 


Reduce recombination losses; 
improve light management; avoid use of Pb 


losses relative to the S-Q limiting values. To 
further increase the photocurrent in a particular 
cell design typically requires better management 
of light in order to reduce reflection, reduce para- 
sitic absorption, and enhance light trapping in the 
active area of the cell. Nanophotonic concepts, in 
which nanostructures with typical length scales 
equal to or smaller than the wavelength of light 
are incorporated in the solar cell, can serve to 
reach these goals (5, 48-50). Such structures can 
preferentially scatter and confine light so that it 
is better absorbed in the cell. Nanophotonic con- 
cepts leading to enhanced light trapping can also 
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reduce the required material thickness, thereby 
reducing bulk recombination (which enhances 
the voltage) and reducing costs. Nanophotonic 
control can also enhance the voltage by reducing 
entropic losses via control of the angular distribu- 
tion of light emission from the cell. Large-area 
engineered nanopatterns integrated in solar cells 
can be made using soft-imprint technology that 
can be scaled up to the square-kilometer areas 
required for large-area production. We predict 
that further advances in nanophotovoltaics will 
lead to enhanced photocurrents, and thus en- 
hanced efficiency, in several different PV mate- 
rials and architectures. Nanophotonic concepts 
can also be used to engineer the color of solar 
panels, providing many new opportunities for 
building-integrated PV. 


Improving the cell voltage and fill factor re- 


quires detailed understanding of and control over 
carrier recombination mechanisms in the cell. 
Making advances in the quality of electrical mate- 
rials constitutes a major engineering research ef- 
fort that involves identification of bulk, interface, 
and surface defects, as well as measurement of 
their density, energy levels, formation energy, 
annealing characteristics, passivation behavior, 
dopant diffusion, contact formation, and many 
other properties. The realization of high-quality 
PV materials that enable low-cost manufacturing 
of solar cells with efficiencies approaching the S-Q 
limit will require a coordinated international ma- 
terials science and engineering approach. 


Conclusions and outlook 


The record efficiency of single-junction solar cells 
has continually increased over the years, but so 
far no PV material has closely approached the 
theoretical S-Q efficiency limit. Monocrystalline 
Si and GaAs have reached efficiencies of 26 to 
29%; several polycrystalline materials (Si, CIGS, 
CdTe, perovskite) are in the 20 to 22% range; and 
all other common thin-film materials have effi- 
ciencies in the 10 to 13% range. There is much 
room for improvement in all of the materials 
discussed, and there is no doubt that efficiency 
records will continue to be broken in the future 
(28). The lower-efficiency (flexible) materials can 
find applications in building-integrated PV sys- 
tems, flexible electronics, flexible power genera- 
tion systems, and many other (sometimes niche) 
markets. High-efficiency (>20%) materials can 
find applications in large-area PV power gener- 
ation for the utility grid, as well as in small and 
medium-sized systems for the built environment. 
They will enable very large-scale penetration into 
our energy system, starting now and growing as 
the cost per kilowatt-hour is reduced further by a 
factor of 2 to 3. This can be achieved by advanced 
(nanophotonic) cell designs in combination with 
an extensive materials science and engineering 
effort to further enhance PV material quality. 
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INTRODUCTION: The nuclear pore complex 
(NPC) is the primary gateway for the transport 
of macromolecules between the nucleus and 
cytoplasm, serving as both a critical mediator 
and regulator of gene expression. NPCs are very 
large (~120 MDa) macromolecular machines 
embedded in the nuclear envelope, each contain- 
ing ~1000 protein subunits, termed nucleopor- 
ins. Despite substantial progress in visualizing 
the overall shape of the NPC by means of cryo- 


electron tomography (cryo-ET) and in deter- 


mining atomic-resolution crystal structures of 
nucleoporins, the molecular architecture of the 
assembled NPC has thus far remained poorly 
understood, hindering the design of mechanis- 
tic studies that could investigate its many roles 
in cell biology. 


RATIONALE: Existing cryo-ET reconstructions 
of the NPC are too low in resolution to allow for 
de novo structure determination of the NPC or 
unbiased docking of nucleoporin fragment crys- 
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Composite structure of the NPC symmetric core. The composite structure shown here, viewed 
from above the cytoplasmic face, was generated by means of sequential unbiased docking of 
nucleoporin and nucleoporin complex crystal structures into a previously reported cryo-ET 
reconstruction of the intact human NPC. Nucleoporin structures are shown as colored cartoons, 
and the nuclear envelope density is shown as a gray surface. 
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tal structures. We sought to bridge this resolu- 
tion gap by first defining the interaction network 
of the NPC, focusing on the evolutionarily con- 
served symmetric core. We developed protocols 
to reconstitute NPC protomers from purified 
recombinant proteins, which enabled the gen- 
eration of a high-resolution biochemical inter- 
action map of the NPC symmetric core. We next 
determined high-resolution crystal structures of 
key nucleoporin interactions, providing spatial 


restraints for their relative 
orientation. By superposing 
Read the full article crystal structures that over- 


lapped in sequence, we 
generated accurate full- 
length structures of the 
large scaffold nucleoporins. 
Lastly, we used sequential unbiased searches, 
supported by the biochemical data, to place the 
nucleoporin crystal structures into a previous- 
ly determined cryo-ET reconstruction of the in- 
tact human NPC, thus generating a composite 
structure of the entire NPC symmetric core. 


at http://dx.doi. 
org/10.1126/ 
science.aafl015 


RESULTS: Our analysis revealed that the inner 
and outer rings of the NPC use disparate mech- 
anisms of interaction. Whereas the structured 
coat nucleoporins of the outer ring form exten- 
sive surface contacts, the scaffold proteins of 
the inner ring are bridged by flexible sequences 
in linker nucleoporins. Our composite struc- 
ture revealed a defined spoke architecture in 
which each of the eight spokes spans the nuc- 
lear envelope, with limited cross-spoke inter- 
actions. Most nucleoporins are present in 
32 copies, with the exceptions of Nup170 
and Nup188, which are present in 48 
and 16 copies, respectively. Lastly, we 
observed the arrangement of the chan- 
nel nucleoporins, which orient their 
N termini into two 16-membered rings, 
thus ensuring that their N-terminal 
FG repeats project evenly into the cen- 
tral transport channel. 


CONCLUSION: Our composite struc- 
ture of the NPC symmetric core can 
be used as a platform for the rational de- 
sign of experiments to investigate NPC 

structure and function. Each nucleoporin 

occupies multiple distinct biochemical envi- 
ronments, explaining how such a large mac- 
romolecular complex can be assembled from 
a relatively small number of genes. Our in- 
tegrated, bottom-up approach provides a 
paradigm for the biochemical and structural 
characterization of similarly large biological 
mega-assemblies. & 
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The nuclear pore complex (NPC) controls the transport of macromolecules between the 
nucleus and cytoplasm, but its molecular architecture has thus far remained poorly 
defined. We biochemically reconstituted NPC core protomers and elucidated the 
underlying protein-protein interaction network. Flexible linker sequences, rather than 
interactions between the structured core scaffold nucleoporins, mediate the assembly of 
the inner ring complex and its attachment to the NPC coat. X-ray crystallographic analysis 
of these scaffold nucleoporins revealed the molecular details of their interactions with the 
flexible linker sequences and enabled construction of full-length atomic structures. By 
docking these structures into the cryoelectron tomographic reconstruction of the intact 
human NPC and validating their placement with our nucleoporin interactome, we built a 
composite structure of the NPC symmetric core that contains ~320,000 residues and 
accounts for ~56 megadaltons of the NPC’s structured mass. Our approach provides a 
paradigm for the structure determination of similarly complex macromolecular assemblies. 


he nuclear pore complex (NPC) is a massive 

molecular transport channel embedded in 

the nuclear envelope (J). In addition to its 

role as the sole mediator of bidirectional 

nucleocytoplasmic transport, the NPC is also 
involved in diverse cellular processes, including 
transcription, mRNA maturation, and genome 
organization (J, 2). Despite their very large size 
(~120 MDa), NPCs are only composed of 34 dif- 
ferent proteins (nucleoporins), which assemble into 
eightfold-symmetric, ~1000 A-diameter pores that 
fuse the inner and outer nuclear membranes (Fig. 1, 
A and B) (J). Given their central role in cell bio- 
logy, nucleoporins have been linked to a wide 
range of human diseases, including viral infection, 
cancer, and neurodegenerative disease (1, 3-9). 
However, the structure of the NPC and the mech- 
anisms by which it influences cellular processes 
have long been enigmatic. 

Most nucleoporins are symmetrically distrib- 
uted in the NPC, forming a symmetric core that 
in turn recruits asymmetric nucleoporins on the 
nuclear and cytoplasmic faces (Fig. 1, A and B). 
Many nucleoporins contain disordered repetitive 
sequences that are enriched in phenylalanine 
and glycine residues called FG repeats, which 
collectively form a central diffusion barrier that 
prevents passive diffusion of macromolecules 
with masses greater than ~40 kDa (Fig. 1, A 
and B). Larger macromolecules can only traffic 
through the NPC with the assistance of spec- 
ialized karyopherin transport factors (10). 
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Despite extensive efforts, the protein-protein 
interaction network within the NPC has remained 
incompletely characterized, presenting a funda- 
mental limitation to our understanding of NPC 
architecture. Copurification and mass spectrome- 
try approaches have revealed some of the strongest 
interactions, but they provide only general spatial 
restraints because of their limited resolution. The 
most well-characterized nucleoporin interactions 
are those within the coat nucleoporin complex 
(CNC), which makes up about half the mass of the 
symmetric core and contains Nup120, Nup85, Sec13, 
Nup145C, Nup84, Nup133, and, in some species, 
Seh1, Nup37, Nup43, and ELYS (J). Structural and 
biochemical analyses of CNCs from multiple species 
have revealed a highly conserved architecture in 
which o-helical domains form extensive interac- 
tion surfaces to assemble a large Y-shaped complex 
(11-14). Recent advances have dramatically in- 
creased the resolution of cryoelectron tomographic 
(cryo-ET) reconstructions of intact NPCs, facili- 
tating the unbiased placement of 32 copies of a 
~400-kDa crystal structure of the yeast CNC into 
the intact human NPC (13, 14). The CNCs are ar- 
ranged in pairs of concentric eight-membered rings 
on both the nuclear and cytoplasmic faces of the 
NPC, accounting for the majority of the observed 
protein density in the outer rings of the NPC (13, 14). 

Although the organization of the CNC in the 
intact NPC is well understood, relatively little has 
been known about the molecular architecture of 
the inner ring that lines the central channel. The 
disordered N-terminal FG repeats of the channel 
nucleoporins Nup49, Nup57, and Nsp1 project 
into the central channel, and their structured 
coiled-coil domains form a stable complex, termed 
the channel nucleoporin heterotrimer (CNT) (15, 16). 


The CNT, Nic96, Nup192, and Nup145N collect- 
ively form a stable subcomplex called the inner 
ring complex (IRC) (15, 17). The remaining com- 
ponents of the symmetric core, Nup170 and 
Nup53, are thought to mediate interactions with 
the nuclear envelope, but the details of the 
interaction network that assembles these pro- 
teins and links them to the CNCs have here- 
tofore been poorly defined (/8, 19). 

Crystal structures of many nucleoporin frag- 
ments from the symmetric NPC core have been 
determined, including the N-terminal domains 
(NTDs) of Nup192, Nup188, and Nup157; the 
C-terminal domain (CTD) of Nup170; the C-terminal 
tail domains (TAIL) of Nup192 and Nup188; the 
o-helical solenoid of Nic96, Nic96°°"; and the 
CNT bound to helical region 1 of Nic96, CNT-Nic96"™" 
(15, 20-26). However, structures of full-length 
Nup192, Nup188, and Nup170 have remained elu- 
sive. Accurate placement of the existing structures 
into the intact NPC is limited by both their rel- 
atively small size and the resolution of available 
cryo-ET reconstructions. We used an integrated 
approach to obtain complete atomic structures and 
accurate, high-resolution biochemical restraints for 
determining the near-atomic architecture of the 
NPC symmetric core. 

A major barrier preventing complete biochem- 
ical characterization of the NPC has been the dif- 
ficulty of purifying large quantities of full-length 
nucleoporins from a single species. To overcome 
this hurdle, we developed expression and purifi- 
cation protocols for all symmetric core nucleopor- 
ins from the thermophilic fungus Chaetomium 
thermophilum, which exhibit superior biochem- 
ical stability (27). By reconstituting NPC symmet- 
ric core protomers from purified proteins, we were 
able to determine that the interactions between 
flexible linker sequences and large scaffold nucle- 
oporins drive NPC assembly. We generated a high- 
resolution biochemical map for these interactions 
and determined a series of crystal structures that 
revealed the structural basis for the recognition of 
flexible linker sequences by the large scaffold nu- 
cleoporins. These crystal structures enabled the 
construction of complete atomic structures for 
the ordered scaffolds of Nup170, Nup192, and 
Nic96. Using our biochemical restraints for vali- 
dation, we performed unbiased searches to dock 
the atomic structures into a cryo-ET reconstruc- 
tion of the intact human NPC with high confidence 
(28), thus determining a composite structure of 
the NPC symmetric core. 


Reconstitution of NPC symmetric 
core protomers 


Using nucleoporins from C. thermophilum, we 
first directed our efforts toward reconstituting a 
soluble protomer that could recapitulate the in- 
teraction network within the assembled NPC. We 
used full-length proteins when possible, but FG 
repeats, disordered N- or C-terminal regions, or 
other sequences that prevented soluble protein 
expression were omitted (Fig. 1B, fig. S1, and tables 
S1 and S2). We first reconstituted a heterohexa- 
meric core CNC containing Nup120, Nup37, ELYS, 
Nup85, Secl13, and Nup145C, a complex analogous 
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Fig. 1. Reconstitution of NPC symmetric core protomers. (A) Cross- 
sectional conceptual schematic of the NPC. CNCs, colored yellow, form outer 
rings above the membrane on the nuclear and cytoplasmic faces. Adaptor and 
channel nucleoporins, respectively colored orange and red, form concentric 
cylinders in the inner ring. Asymmetric nucleoporins are present on the cyto- 
plasmic and nuclear faces of the NPC. (B) Domain organization of nucleo- 
porins used in biochemical reconstitution experiments. Black lines indicate the 
construct boundaries used. Domains are drawn as horizontal boxes with res- 
idue numbers indicated below and are colored according to the legend 
(bottom right) for observed or predicted folds. Cartoons to the right are used 
throughout the figures to represent the nucleoporins. Some nucleoporins form 
stable complexes [CNC, CFC (cytoplasmic filament nucleoporin complex), and 
CNT) and are drawn as units. (C) Cartoon of the experimental setup of (D) to 
(G). The CNC was preincubated with the IRC or Nup188 complex in the 
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presence or absence of Nup145N. Complex formation was only observed in the 
presence of Nup145N. (D and E) The reconstitution of NPC symmetric core 
protomers containing the CNC hexamer and IRC is dependent on Nup145N. 
Identical experiments were performed in (D) the presence or (E) the absence 
of Nup145N. Size-exclusion chromatography (SEC) coupled to MALS profiles 
of the complexes in isolation (red and blue) and after preincubation (green) are 
shown. Colored arrows above the chromatogram indicate the resolved peak 
fractions. Measured molecular masses are indicated for each peak. Repre- 
sentative Coomassie-stained SDS-PAGE gel slices for the peak fractions are 
shown in the center. Cartoons below the gel slices illustrate the respective 
complexes. (F and G) The reconstitution of NPC symmetric core protomers 
containing the CNC hexamer and Nup188 complex is dependent on Nup145N. 
Identical experiments were performed in (F) the presence or (G) the absence 
of Nup145N. Complete SDS-PAGE gels for all panels are shown in fig. S4. 
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to the yeast CNC that we previously crystallized 
(fig. S2, A and B) (J4). This CNC heterohexamer 
was assembled with Nup84 and Nup133 to form 
a heterooctameric CNC (fig. S2C). Because of 
the poor solubility of the intact heterooctameric 
CNC, we focused our analysis on its heterohexa- 
meric core. Similarly, we extended our previous 
reconstitution of an IRC containing Nup192, 
Nic96, Nup145N, and the CNT by also incor- 
porating Nup53 (fig. S3A and table $3) (75). We 
found that Nup188, which is evolutionarily 
related to Nup192, failed to incorporate into the 
IRC (fig. S3B). Rather, an analogous Nup188 
complex formed in the absence of Nup192 (Fig. 
1F). By preincubating the core CNC hexamer 
with either the IRC or the Nup188 complex, we 
reconstituted two distinct 13-protein complexes 
that are representative of NPC symmetric core 
protomers (Fig. 1, C, D, and F, and fig. S4, A 
and C). 

Thus equipped with the ability to reconstitute 
NPC protomers, we sought to identify the inter- 
actions that link the IRC or the analogous Nup188 
complex to the CNC. Nup145N is a component of 
the IRC and Nup188 complex, and Nup145C is a 
component of the CNC. They originate from the 
same polypeptide chain after posttranslational 
cleavage mediated by the Nup145N autoproteo- 
lytic domain (APD), which is located in the mid- 
dle of the Nup145 precursor polypeptide (Fig. 1B) 
(29). Nup145C is composed of a U-bend a-helical 
solenoid, which is a core component of the CNC, 
and a disordered ~300-residue N-terminal extension 
(NTE) (/4). Previous studies indicate that Nup45N“?> 
can still bind the first six N-terminal residues of 
Nup/45C after cleavage, thus offering a possible mech- 
anism for linking the IRC to the CNC (30). The com- 
plexes did not interact in the absence of Nupl45N 
(Fig. 1, E and G, and fig. S4, B and D). Moreover, 
Nupl45N“"? alone could be incorporated into the 
CNC (fig. S5). These results indicate that the IRC and 
CNC are flexibly attached via the long, intrinsically 
disordered sequences of Nupl45N and Nupl45C. 
Nupl45N“"” also binds to the B-propeller domain of 
the cytoplasmic filament nucleoporin Nup82 (5). 
However, given that this interaction was outcom- 
peted by CNC binding (fig. S6), another interac- 
tion must play a role in retaining the cytoplasmic 
filaments at the cytoplasmic face of the NPC. 


Symmetric core assembly is driven by 
flexible linkers 


We next performed a systematic analysis of the 
molecular interaction network within the IRC 
and Nup188 complex, extending our previous 
work and additionally including Nup170 in our 
analysis (15). These complexes contain large scaf- 
fold domains in Nic96, Nup170, Nup188, and 
Nup192, as well as long, intrinsically disordered 
sequences in the linker nucleoporins Nup53 and 
Nupl45N (Fig. 1B). The CNC is primarily held 
together by extensive interfaces between large 
a-helical solenoid domains (J, 14), but recent studies 
have hinted that the architectural principles of 
the remaining symmetric core nucleoporins are 
different (15, 17, 27). For example, the scaffold 
nucleoporin Nic96 possesses a largely unstruc- 
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tured NTE containing two short helical regions, 
Nic96™ and Nic96*”, that are essential for IRC 
assembly: Nic96™" recruits the CNT to the NPC, 
and Nic96™ binds Nup192 or Nup188 (15). To de- 
termine whether the structured domains of the 
scaffold nucleoporins interact with each other to 
drive symmetric core assembly, we tested whether 
Nicg96°°", Nup170, Nup192, and Nup188 could 
form a complex; however, we observed no interac- 
tion (Fig. 2A and fig. S7A). Instead, complex for- 
mation was achieved only in the presence of the 
linker nucleoporins Nup53 and Nup145N (Fig. 2, 
Band C, and fig. S7, B and C). Thus, together with 
Nic96"", the flexible linker nucleoporins Nup53 
and Nup145N are the primary driving force of 
IRC and Nup188 complex assembly (15). 

To further analyze the interaction network 
between the scaffold and linker nucleoporins, 
we tested which scaffolds interact with Nup53 
or Nup145N to form heterodimers, focusing first 
on the interactions within the IRC and with Nup170. 
Nup53 formed robust complexes with Nup192, 
Nic96°°", and Nup170 (Fig. 2D and fig. S8). We 
previously reported that Nup145N interacts weak- 
ly with Nic96°°" (15); in this study, we found that 
Nup145N also binds to Nup192 and Nup170 (Fig. 
2E and fig. S9). All of these scaffold-linker inter- 
actions are compatible, as demonstrated by the 
formation of heterotrimeric complexes (Fig. 2, D 
and E, and figs. S10 and S11). Nup192 and Nup170 
can also bind to both linker nucleoporins simulta- 
neously, indicating that the binding sites on the 
scaffolds are distinct (fig. S12, A and B). We were 
able to reconstitute a stoichiometric heterotetram- 
er composed of Nup192, Nup170, Nup53, and 
Nup145N (fig. S12C). 

To improve the biochemical resolution of our 
interaction map, we next identified the minimal 
sequence fragments of Nup53 and Nup145N that 
would be sufficient for scaffold recognition. We 
previously mapped an interaction between a 
Nup53 fragment, encompassing residues 31 to 67 
(Nup53®), with Nup192“" (Fig. 2F and fig. S13) 
(20). In this work, we found an adjacent frag- 
ment containing residues 69 to 90 (Nup53*”) that 
was recognized by Nic96°°" (Fig. 2F and fig. S14, 
A and B). A Nup53 fragment including both of 
these binding sites (residues 1 to 90) was suffi- 
cient to link the two scaffolds into a heterotri- 
meric complex (fig. S$14C). We also identified a 
C-terminal Nup53 fragment containing residues 
329 to 361 (Nup53**) that interacted specifically 
with Nup170™"” (Fig. 2F and fig. S15). Converse- 
ly, the association between Nup170 and Nup145N 
mapped to Nup45N residues 729 to 750 (NupH5N*) 
and Nup170° (Fig. 2F and fig. S16). Nup192 
recognized a fragment of Nup145N that spans 
residues 606 to 683 (Fig. 2F and fig. S17, A and B). 
Nup192%" was sufficient for Nup145N binding 
(fig. S17C), but we also detected a weak interac- 
tion with Nup192™” (fig. S17, D and E), suggesting 
that binding sites for Nupl45N were distributed 
throughout Nup192. These minimal sequence 
fragments were specific for their binding part- 
ners (fig. S18). 

Whereas preincubation of the two linker nuc- 
leoporins with Nup192, Nup170, and Nic96°°" 


produced a robust pentameric complex, the anal- 
ogous preincubation with Nup188 in place of 
Nup192 produced a mixture of species (Fig. 2, B 
and C, and fig. $7, B and C). To understand this 
difference in behavior, we repeated the above 
analysis with Nup188 and identified a robust in- 
teraction with Nup145N, whereas Nup53 binding 
was barely detectible (Fig. 2, D and E, and figs. 
S8C and S9B). In contrast to our above results, 
however, Nup188 did not strongly bind Nup145N 
in the presence of Nup192 or Nup170 (Fig. 2, D and 
E, and fig. S11). Similar to Nup192“™, Nup1ss8‘"” 
was sufficient for Nup145N binding (fig. $19, A 
and B). However, the minimal Nup192-binding 
fragment of Nup145N was not sufficient for 
Nup188 binding (fig. S19, D and E). Instead, we 
only detected robust complex formation with a 
much longer fragment encompassing both the 
Nup192- and Nup170-binding sites (residues 606 
to 750), which explains the exclusivity of their 
interactions (Fig. 2F and fig. S19C). We found a 
similar architecture for the Nup192- and Nup188- 
binding sites in Nic96"*. The Nup192 minimal 
binding fragment (residues 286 to 301) again 
was insufficient for Nup188 binding (fig. S20, A 
to C), which instead required a larger fragment 
(residues 274 to 301) (Fig. 2F and fig. S20D). 
Consistent with these findings, several mutations 
in the N-terminal region of Nic96" ablated Nup188 
binding but had no effect on Nup192 binding 
(fig. S20, E to G) (15). Thus, Nup192 and Nup188 
bind competitively to directly overlapping sequen- 
ces in Nic96 and Nup145N, establishing the exis- 
tence of a distinct Nup188 complex with an 
architecture analogous to the IRC. 

In summary, we found that interactions between 
the large ordered scaffold nucleoporins and flex- 
ible interaction motifs in Nup53, Nup145N, and 
Nic96™™ were the dominant driving force for 
assembly of the NPC symmetric core outside of 
the CNCs. We built a biochemical map of these 
interactions by identifying minimal interaction 
motifs, revealing that the binding sites were spa- 
tially distributed throughout the scaffold nucle- 
oporins, but that many of the binding sites on 
the linker nucleoporins were adjacent or over- 
lapping in sequence (Fig. 2F). In doing so, we 
identified the exclusive interactions that provide 
a molecular basis for the formation of two dis- 
tinct complexes, the Nup192-harboring IRC and 
an analogous Nup188 complex. Because existing 
crystal structures have not captured interactions 
between scaffold and linker nucleoporins, we used 
these results to identify important structural tar- 
gets for determining the structural basis for this 
mode of interaction. 


Atomic architecture of the Nup170 
interaction network 


We determined a crystal structure of the Nup170\e 
Nup53*? complex at 2.1 A resolution (Fig. 3, A 
and B, and tables S4 and S5). To obtain high- 
resolution diffraction, we deleted residues 293 
to 305 from the 3D4A loop of Nup170%"” (fig. S21). 
Nup170%™ is composed of a seven-bladed B-propeller 
and a C-terminal o-helical domain (Fig. 3B). An 
N-terminal o-helix packs against the C-terminal 
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in fig. S7. (D and E) Interaction network between scaffold nucleoporins and (D) 
Nup53 or (E) Nup145N. Scaffold nucleoporins were tested in SEC-MALS inter- 
action experiments for their ability to form heterodimeric complexes with Nup53 
or Nup145N and their compatibility for also forming heterotrimeric complexes. 
Check marks indicate complexes that can form in SEC-MALS experiments, x's 
indicate complexes that do not form, and dashes indicate complexes that were 
not tested. Complete SEC-MALS chromatograms and SDS-PAGE gels are 


shown in figs. S8 to S11. (F) Biochemical interaction map determined from 
SEC-MALS interaction experiments. Minimal regions of Nup145N and Nup53 
sufficient for binding to components of the NPC are depicted by colored bars 
and dashed lines between interacting regions. Interactions that map to the 
same regions on Nup145N and Nup53 do not occur simultaneously. Complete 
SEC-MALS chromatograms and SDS-PAGE gels are shown in figs. S13 to S20. 
The nucleoporin cartoons are according to Fig. 1B. 


o-helical domain and is followed by three B-strands 
that form a triple “Velcro closure” against the 
B-propeller (Fig. 3B). Nup53 adopts an extended 
conformation and binds atypically to the side of 
the B-propeller, rather than the top, at blades 
land 2 (Fig. 3B). The crystallized Nup53 frag- 
ment contained residues 329 to 361, but clear 
density was only observed for residues 342 to 
355. Blade 2 of the Nup170 B-propeller deviates 
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substantially from a canonical B-propeller blade 
to generate two hydrophobic pockets that accom- 
modate Nup53 residues L346, L347, L353, and 
L354 (Fig. 3C). We identified several mutations in 
Nup170 and Nup53 that could disrupt their in- 
teraction (Fig. 3, D and E, and fig. $22, A and B). 
We observed a complete loss of binding with 
mutations to Nup170 residues that are evolutionary 
conserved—F199, 1203, and Y235—suggesting that 


the binding interface is evolutionarily conserved 
(Fig. 3, D and E; fig. S21; and fig. S22, A and B). 

Nup53 is anchored to the nuclear envelope 
by its C-terminal amphipathic helix, either direct- 
ly or through an interaction with NDC1 (/8, 19). 
We found that Nup170 binds to Nup53®%, which is 
directly adjacent to this C-terminal helix, prompt- 
ing us to look for features in Nup170 that could 
also contribute to nuclear envelope binding. We 
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Fig. 3. Structural and biochemical ana- 
lyses of the Nup170 interaction network. 
(A) Domain structures of Nup170 and Nup53. 
Black lines indicate fragments used for crys- 
tallization. (B) Cartoon of the crystal struc- 
ture of the Nup170‘"+Nup53*3 complex. 

A 90°-rotated view is shown on the right. 
The potential WF and ALPS membrane inter- 
action motifs are indicated. (C) Close-up view 
of the interaction between Nup170 and 
Nup53. Nup170 and Nup53 residues involved 
in the interaction are labeled in orange and 
purple, respectively. (D) Graphic summary of 
mutational analysis of the Nup170“"°-Nup53*? 
interaction. Nup170 is shown in surface 
representation from the same view as in (C). 
Residues are colored in red, orange, yellow, or 
green to indicate mutations that had a strong, 
moderate, weak, or nonexistent effect on 
binding, respectively. (E) Tabular summary of 
tested Nup170 mutants and their effect on 
Nup53 binding. Three plus signs indicate 
wild-type binding, two plus signs indicate 
moderately weakened binding, one plus sign 
indicates weak binding, and a dash indicates 
no binding. Mutations in Nup53 that were 
tested for binding are indicated by dots above 
the sequence, following the same color 

code as in (D). Chromatograms and repre- 
sentative SDS-PAGE gels are shown in 

fig. S22. (F) Domain structures of Nup170 and 
Nup145N. Black lines indicate fragments 
used for crystallization. (G) Cartoon of the 
crystal structure of the Nup170°'?*Nup145N°? 
complex. (H) Close-up view of the interac- 
tion between Nup170 and Nup145N. Nup170 
and Nup145N residues involved in the in- 
teraction are labeled in orange and cyan, 
respectively. (1) Graphic summary of muta- 
tional analysis of the Nup170°'-Nup145N®3 
interaction. Nup170 is shown in surface 
representation from the same view as 

in (H). Coloring is according to (D). 

(J) Tabular summary of mutational analysis 
of the Nup170°'°-Nup145N*° interaction, 
with the same symbols and coloring as in 
(E). Chromatograms and representative 
SDS-PAGE gels are shown in fig. S23. 
Single-letter abbreviations for the amino 
acid residues are as follows: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; 

K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


identified two motifs next to the C terminus of 
Nup53"? that would be juxtaposed with the nu- 
clear envelope. The first was a WF motif composed 
of solvent-exposed, evolutionarily conserved tryp- 
tophan and phenylalanine residues in the 3CD 
loop (Fig. 3B and fig. S22C). Because tryptophan 
residues are enriched at membrane interfaces, the 
WF motif may reinforce membrane binding (37). 
The second motif, residing in the 3D4A loop that 
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we deleted for crystallization, is predicted to form 
an amphipathic helix with an evolutionarily con- 
served absence of charged residues; this feature is 
characteristic of amphipathic lipid packing sens- 
ing (ALPS) motifs, which are also present in 
Nup120 and Nup133 (fig. $22, C and D) (32, 33). 
The Nup170 ALPS motif contains a universally 
conserved proline residue on the polar face of the 
helix, a feature reminiscent of antimicrobial mem- 
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brane destabilizing peptides (fig. S22D) (34). We 
propose that these additional features on Nup170 
act synergistically with the binding of Nup53 to 
the nuclear envelope to help maintain the ex- 
treme membrane curvature in nuclear pores. 
We next determined a crystal structure of 
the Nup170?*Nupl45N® complex at 3.5 A 
resolution, using a 2.1 A-resolution structure 
of Nup170°7” in the apo state as a search model 
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(Fig. 3, F and G, and tables $4 and S6). Nup170° 
forms an elongated o-helical solenoid containing 
two stacks of irregular helical pairs, arranged 
in a zig-zag fashion (Fig. 3G). The two stacks 
share a long helix (a31) that caps the first stack 
and initiates the second stack. Nup145N** binds 
to a pair of deep hydrophobic pockets on either 
side of the first two helices of the second helical 
stack, inserting residues L733 and 1735 into the 
first pocket and L743 and F744 into the second 
pocket (Fig. 3, G and H). Mutation of any of these 
residues completely abolished binding to Nup170 
(Fig. 3, I and J, and fig. S23B). Similarly, mutation 
of the residues that formed the hydrophobic 
pockets (F1171, F1154, 11131, and Y1157) strongly 
affected binding (Fig. 3, I and J, and fig. S23A). 
The hydrophobic nature of both binding pockets 
is retained throughout eukaryotes (fig. S21), sug- 
gesting the evolutionary conservation of this 
interaction. Only minimal rearrangements of 
the binding pocket occur upon Nup145N bind- 
ing (fig. S23C). 

The Nup145N sequence that binds to Nup170 
is also highly conserved throughout eukaryotes, 
and the homologous residues that are critical for 
Nup170 binding are conserved in humans (fig. 
§24A). During mitosis, extensive phosphorylation 
of hsNup98 (hs, Homo sapiens), the human ho- 
molog of Nup145N, leads to NPC and nuclear 
envelope disassembly (35). The most abundant 
mitotic phosphorylation sites in hsNup98 are at 
residues S608 and S612 (S741 and S745 in C. 
thermophilum), which flank L610 and F611 (L743 
and F744 in C. thermophilum—residues that we 
found to be critical for Nup170 binding; fig. S24, 
A and B) (35). To test the possibility that the 
interaction between Nup170 and Nup145N could 
be regulated by phosphorylation, we reconstituted 
a hsNup155ehsNup98 heterodimer that was ho- 
mologous to our crystallized complex. We ob- 
served a robust interaction between hsNupl55 7? 
and the corresponding minimal hsNup98 frag- 
ment, which was partially disrupted by a double 
phosphomimetic mutation (S608E and S612E) (fig. 
$24C). As revealed by the Nup17077*Nupl45N*" 
structure, S612 (S745 in C. thermophilum) forms 
a hydrogen bond with N609 (D743 in C. thermo- 
philum). Phosphorylation would therefore de- 
stabilize the conformation required to insert 
the critical hydrophobic residues into the binding 
pocket in Nup170 (fig. S24B). Disruption of this 
hydrogen bond by mutagenesis also completely 
abolished binding (Fig. 3J and fig. S23B). Thus, 
the Nup170-Nup145N interaction is not only high- 
ly conserved, but its disruption is also a key step in 
mitotic NPC disassembly in humans. 

Our structures of Nup170%?P and Nup170° 
did not overlap in sequence, preventing accurate 
modeling of the full-length protein. Therefore, 
we crystallized a larger fragment of Nup170 that 
contained the a-helical solenoids of both domains 
(Nup170%", residues 575 to 1402), and determined 
the crystal structure at 4.0 A resolution (fig. S25A, 
tables S4 and S5, and Movie 1). Whereas we ob- 
served no conformational variability for the helices 
present in Nup170%", the Nup170“ solenoid ex- 
hibited a ~20° rotation resulting from a minor 
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Movie 1. Generation of the Nup170-Nup53"3- 
Nup145N? complex structure by superposition. 
A 360° rotation of the crystal structure of Nup170S° 
is shown, followed by a demonstration of the process 
used for generating the full-length structure by super- 
position. Colors are the same as in fig. S25. 


Movie 2. Morph animation of observed Nup170 
conformations. The eight different conformations 
observed in the superposition-generated structures 
of full-length Nup170 are animated. The animation 
pauses at each of the eight experimentally observed 
conformations of Nup170, which are colored the 
same as in fig. S25. 


rearrangement of helix «27 (fig. S25A). We ob- 
served a similar conformational variability in the 
Nup170?eNup145N*’ complex structure, where 
all four molecules in the asymmetric unit adopted 
different conformations (fig. S25B). With the struc- 
ture of Nup170°%°" as a template, we superposed 
the structures of Nup170%?? and Nup170™”, ob- 
taining a total of eight different conformations 
for full-length Nup170 (figs. S25B and S26 and 
Movie 2). 


Molecular basis for recognition of 
Nup53 by Nic96 


We determined crystal structures of apo Nic965°" 
and a Nic96°°"eNup53™ complex at 3.3 and 2.65 
A resolution, respectively (Fig. 4, A and B; fig. S27; 
tables S4 and $7; and Movie 3). Nic96°°" forms 
a rod-shaped molecule consisting of a U-bend 
a-helical solenoid with the N terminus situated 
in the middle of the rod. Although residues 31 to 
84 of Nup53 were included in the crystallization 
construct, only residues 67 to 84 were visible in 
the electron density. Residues 67 to 84 of Nup53 
form an amphipathic helix that buries its hydro- 
phobic face into a hydrophobic groove formed by 
helices «14, 015, and a16 near the U-bend end of 
the Nic96 solenoid (Fig. 4, B and C). Consistent 
with our crystal structure, we found that muta- 
tions to the hydrophobic residues in this pocket 
disrupted binding (figs. S28 and $29). Similar to 
the interaction between Nup170 and Nup145N, 
we observed minimal conformational rearrange- 
ments upon Nup53 binding (Fig. 4D). 


Structure of Nup192 


Nup192, the largest symmetric core nucleoporin, 
appears to be shaped like a question-mark at low 
resolution (26). Crystal structures exist for Nup1928 
(residues 1 to 958) and Nup192*™ (residues 1397 
to 1756), but the atomic structure of the entire mole- 
cule has thus far remained unresolved (15, 20, 26). 
To determine the complete atomic structure of 
Nup192, we obtained crystals of an engineered 
Nup192 truncation mutant, Nup192*#™°, from 
which we had deleted (A) the N-terminal head 
domain (HEAD; residues 1 to 152) and replaced a 
loop encompassing residues 167 to 184 with a 
short glycine-serine linker. We determined the 
crystal structure of Nup192°"™4° at 3.2 A res- 
olution (Fig. 4, E and F; fig. S30; and tables S4 
and $7). 

The N-terminal portion of the previously un- 
resolved middle domain of Nup192 (Nup192™"”) 
contains three additional ARM repeats (046 to 
053, residues 959 to 1154) that continue the su- 
perhelical solenoid that we previously observed in 
Nup192"" (Fig. 4F) (20). Similarly, the C-terminal 
portion of Nup192™”” contains a HEAT repeat 
(a60 to 061, residues 1330 to 1376) that extends 
the Nup192™™ solenoid, so that the entire protein 
forms a continuous HEAT-ARM repeat solenoid 
(Fig. 4F) (15). However, we observed an unusual 
insertion (residues 1155 to 1329) between the ARM 
repeats and the HEAT repeat in Nup192™", 
containing a ~50-residue helix, «58, that reaches 
~75 A from the beginning of Nup192‘™™ to the C 
terminus of Nup192N"” (Fig. 4F). This insertion, 
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which we termed the Tower helix, buries sev- 
eral hydrophobic residues against the bottom of 
Nup192™, inducing minor rearrangements that 
facilitate packing of the Tower helix. Although 
the Tower helix has only a moderate signature in 
secondary structure predictions, the evolutionar- 
ily related Nup188 is also predicted to contain a 
similarly long ~40-residue helix at the same 
location. However, previous models of full-length 
Nup188 and Nup192 did not anticipate the 
existence of the Tower helix, highlighting the 
importance of experimentally determining atomic- 
resolution structures (22, 36). 

Taking advantage of the extensive overlap be- 
tween our crystal structure of Nup192*"™ and 
the existing structures of Nup192“"? and Nup192"", 
we generated the structure of full-length Nup192 
by superposition (Fig. 4G, fig S31, and Movie 4). 
Inspection of the full-length protein revealed that 
the first loop in the HEAD domain between a1 and 
a2 is close enough to contact loops in the MID 
domain, predominantly with polar and charged 
residues (Fig. 4G and fig. S31). The binding sites 
on Nup192 for Nup53 and Nic96, which we pre- 
viously identified via mutagenesis, are respectively 
located at the top and bottom of the molecule, 
~140 A apart from each other (fig. $32) (15, 20). 


Architecture of the NPC symmetric core 


Recent advances in cryo-ET have produced rapid- 
ly improving reconstructions of intact NPCs, with 
the most recent reconstructions reporting average 
resolutions up to ~20 A in the best-resolved re- 
gions (13, 28, 37). We previously docked 32 copies 
of the yeast CNC into a ~34 A reconstruction of 
the intact human NPC, taking advantage of the dis- 
tinctive shape and large size of the complex (/4). 
With the addition of the Nic96°°"eNup53™ struc- 
ture and the full-length superposition-generated 
structures of Nupl92 and Nup170eNup53*%e 
Nupl45N™ reported here, as well as our recently 
reported crystal structure of the CNTeNic96"! com- 
plex, accurate structures were available for es- 
sentially the entire ordered mass of the NPC 
symmetric core (15). The domain architectures 
of the symmetric core nucleoporins are highly 
conserved from fungi to humans (fig. S33). We 
successfully located these structures in the re- 
cently reported ~23 A reconstruction of the hu- 
man NPC, and the arrangement of nucleoporins 
was validated by our biochemical restraints (28). 
We used an incremental approach to confidently 
place the crystal structures, starting with the largest 
structures with the most distinctive shapes and 
iteratively removing the occupied density to search 
for other structures (fig. S34). Because the cryo-ET 
map possesses eightfold rotational symmetry, each 
solution defined the location and orientation of 
eight copies of each molecule. We first tested 
our approach with the yeast CNC crystal 
structure and found four distinct placements 
with exceptional scores compared with 50,000 
other refined placements, which is in excellent 
agreement with our previous results (fig. S35A) 
(14). We also readily identified the location and 
orientation of human Nup8477?eNup133~ in 
unbiased searches (fig. S35B) (38). Based on pre- 
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Fig. 4. Structural analysis of the IRC nucleoporins Nic96 and Nup192. (A) Domain structures of Nic96 
and Nup53. Black lines indicate fragments used for crystallization. (B) Cartoons of the crystal structures of 
apo Nic96°°" (yellow), the Nic96S°'*Nup53** complex (green and purple), and their superposition (see 
also Movie 3). (C) Close-up view of the Nup53°?-binding site in Nic96°°“. For clarity, Nup53 is shown in 
ribbon representation. Nic96 and Nup53 residues involved in the interaction are labeled in green and 
purple, respectively. (D) Close-up view of the superposition of apo and Nup53-bound structures of 
Nic96S°-, revealing minimal conformational changes. (E) Domain structure of Nup192. The black line 
indicates the fragment used for crystallization. (F) Cartoon of the crystal structure of Nup19244*4°. a 1g80°- 
rotated view is shown on the right. Regions of Nup192 that were resolved in previous crystal structures are 
colored in shades of blue; the region of the protein that was not included in previous crystallographic 
analyses is shaded cyan. (G) Cartoon of the structure of full-length Nup192, generated by superposing 
fragment crystal structures (see also fig. S31 and Movie 4). 


viously reported biochemical data, we manually 
docked the Nup37, Nup43, and Nup133 B-propellers 
and locally optimized their fit (fig. S35C) (13, 39-41). 

We next performed unbiased searches for Nup170 
and Nup192 by using a map from which any den- 
sity corresponding to the CNCs had been removed 
(fig. S36). Because our crystallographic data indi- 


cated considerable flexibility in the Nup170 sole- 
noid, we performed searches with the eight different 
conformations of Nup170. These searches identi- 
fied two conformations that each yielded two 
distinct top-scoring solutions (fig. S36, A and B). 
Searches with full-length Nup192 revealed six so- 
lutions, but because Nup192 and Nup188 could 
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Fig. 5. Architecture of the NPC symmetric core. The composite structure of the NPC symmetric core was generated by docking nucleoporin and nucleoporin 
complex crystal structures into the cryo-ET reconstruction of the intact human NPC (Electron Microscopy Data Bank entry number EMD-3103). The density 
corresponding to the nuclear envelope is shown as a gray surface. Proteins are color-coded according to the legend at the bottom. (A) View from above the 
cytoplasmic face and (B) a cross-sectional view from within the transport channel (see also figs. S34 to S37 and S40 and Movie 5). 


aafl015-8 15 APRIL 2016 + VOL 352 ISSUE 6283 sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLE 


not be distinguished at this resolution, we assigned 
two of these as Nup188 based on our biochemical 
results and previously reported cross-linking data, 
as detailed in the methods (fig. S36C) (13, 42). 
After removing the density assigned to Nup170, 
Nup192, and Nup188, we successfully located 
four distinct copies of the Nic96s°"-Nup53®” and 
CNT*Nic96®! complexes (fig. $37, A and B). Last- 
ly, we inspected the remaining density in the inner 
ring in an attempt to locate the ordered domains 
of Nup53 and Nup145N. We determined crystal 
structures of Nup53"*™ (RRM, RNA recognition 
motif domain) and Nup45N“?P-Nupl45CN (where 
the superscript N denotes residues 1 to 6) at 0.8 and 
13 A resolution, respectively, but we could not 
unambiguously place them because of their small 
size and globular shape (fig. S38 and tables S4, S8, 
and S9). We attempted to generate biochemical 
restraints to confidently dock Nup53"™™, but we 
were unable to find any binding partners (fig. S39). 
However, we did find a pair of continuous densities 
that readily accommodated two additional Nup170 
molecules in a third distinct conformation (fig. 
S40A). These placements were buried in our orig- 
inal global search, but the conformation of this 
Nup170 structure nevertheless differed slightly 
from the remaining map density, suggesting that 
our crystal structures did not capture the full con- 
formational range of Nup170 (fig. S40, B and C). 

Having placed the structures of the CNC hexa- 
mer, Nup84°"-Nup133™, Nup1338"?, Nup37X?, 
Nup43, Nup188%7, Nup1ss™™, Nupi92, Nup170« 
Nup53"-Nupl45N™, Nic96o°"-Nup53*2, and 
CNT-Nic96™, we acquired a composite structure 
that accounts for nearly all of the density in the 
NPC symmetric core, corresponding to ~56 MDa 
of protein mass, or ~320,000 ordered residues 
(Fig. 5, fig. S41, table S10, and Movie 5). In total, 
the composite structure contains a stoichiometry 
of 16 copies of Nup188; 32 copies of the CNC, 
Nup192, Nic96, and CNT; and 48 copies of Nup170, 
Nup53, and Nup145N. Overall, this stoichiome- 
try is in good agreement with a previous study 
that used mass spectrometry to measure the rel- 
ative abundances of nucleoporins in the human 
NPC (48). 


Spoke architecture 


The symmetric core of the NPC consists of eight 
spokes related by an eightfold rotational axis of 
symmetry that is perpendicular to the nuclear 
envelope (Fig. 5A). Outer rings reside above the 
nuclear and cytoplasmic faces of the nuclear en- 
velope, and an inner ring is embedded in the 
pore and spans the nuclear envelope (Fig. 5B). 
When viewed from the cytoplasm, the nucleo- 
porins form distinct cylinders, with the CNTs 
lining the transport channel, surrounded by 
successive cylinders formed by Nup192, Nic96, 
Nup170, and the CNCs (Fig. 5A). Nic96™ and 
the linker nucleoporins Nup53 and Nup145N span 
these cylinders. Only Cg rotational symmetry was 
applied to generate the cryo-ET reconstruction, 
yet we observed an additional twofold axis of 
symmetry in our composite structure that relates 
the nuclear and cytoplasmic sides within each 
spoke (Fig. 6, A to D) (28). 
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Movie 3. Structure of the Nic965°'-Nup53"2 
complex. A 360° rotation of the crystal structure 
of Nic968°" «Nup53*? is shown. Colors are the same 
as in Fig. 4. 


Movie 4. Generation of the structure of full- 
length Nup192 by superposition. A 360° rotation 
of the crystal structure of Nup1924"**° is shown, 
followed by a demonstration of the process used 
for generating the full-length structure by superpo- 
sition. Colors are the same as in fig. S31. 


Our results provided spatial restraints for 
Nic96™ and Nic96®’, allowing us to trace the 
path of Nic96‘"", which emerges from the middle 
of Nic96°", to its binding sites on Nup192 and 
the CNT. Each inner ring spoke contains four 
copies of the IRC, which we defined based on this 
connectivity (Fig. 6B and Movie 6). Here we refer 
to these four distinct IRCs as nuclear peripheral, 
nuclear equatorial, cytoplasmic peripheral, and 
cytoplasmic equatorial IRCs (Fig. 6B). The nuclear 
and cytoplasmic equatorial IRCs are related to 
each other directly by the twofold rotational axis 
of symmetry, as are the nuclear and cytoplasmic 
peripheral IRCs. Unexpectedly, the subunits in the 
equatorial and peripheral IRCs are in approxi- 
mately the same relative orientation, which was 
readily apparent upon superposition (Fig. 6E). Be- 
cause the subunits were placed independently, 
this unexpected symmetry is an emergent prop- 
erty of the composite structure. In the composite 
structure, the CNT and Nup192 are in close prox- 
imity, suggesting that additional weaker inter- 
actions orient the CNTs in the fully assembled 
NPC. We observed additional knobs of density 
adjacent to the Nup57 o/®8 domains of each 
CNT, which were unexplained by our composite 
structure (fig. S37D). When we superposed struc- 
tures of CNT fragments from Xenopus laevis onto 
our docked CNT molecules (16), we found that the 
metazoan-specific ferredoxin-like domain of Nup57 
accounts for these extra knobs of density (fig. S37, C 
and D), further validating our composite structure. 

The mechanism by which FG repeats in the 
central transport channel form a diffusion barrier 
and facilitate transport is controversial, partly 
because the stoichiometry and orientation of the 
FG repeats were previously unknown. Our com- 
posite structure revealed a total of 32 CNTs in the 
inner ring, which would project 96 distinct poly- 
peptide chains in clusters of three into the cen- 
tral channel (Fig. 6F). The orientation of the 
CNTs suggests that the FG repeats would ema- 
nate circumferentially toward the adjacent spoke, 
rather than pointing radially toward the center of 
the channel. Unexpectedly, the N termini of the 
peripheral and equatorial CNTs were evenly spaced 
and roughly planar, so that they approximately 
formed two 16-membered rings (Fig. 6F). 

In the outer rings, each spoke contains two 
CNCs on either face, which we refer to as prox- 
imal and distal CNCs, based on their distance 
from the inner ring. The orientations of Nup133 
relative to the CNC core differ slightly between 
the distal and proximal CNCs but create the 
same overall architecture: Each pair of distal and 
proximal CNCs forms an arch over the nuclear 
envelope (fig. S42). The outer rings also contain a 
Nup188 molecule on either face (fig. S43). The 
majority of the CNC components are ~100 A 
above the membrane, and the only contacts with 
the membrane are made by the f-propeller do- 
mains of Nup120 and Nup133 through their 
ALPS motifs (Fig. 6C). Similarly, the IRCs do not 
make direct contacts with the membrane but in- 
stead are surrounded by a network of Nup170 
molecules that form the outermost layer of the 
inner ring (Fig. 6C). Each spoke contains three 
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Fig. 6. Architecture ofthe NPC A 

spoke. (A) A cartoon of a single Cytoplasmic 
spoke of the NPC symmetric core . 
is shown from the same cross- 
sectional view as in Fig. 5B. Differ- 
ent shades of colors are used to 
indicate biochemically distinct 
dockings of the same protein (see 
also Movie 6). (B) The same view 
as in (A), but with Nup170 and the 
nucleoporins from the outer ring 
removed to highlight the organi- 
zation of the four IRCs. (C) The 
membrane coat of the NPC. 
Nup192 and Nic96 molecules and 
CNTs have been removed for 
clarity. Contacts between the 
nuclear envelope and the ALPS 
motifs in Nup120, Nup133, and 
Nup170 are indicated by dots 
(numbered as a guide to the eye). 
(D) Schematic of the NPC spoke. 
The proteins corresponding to the 
nuclear side of the spoke are 
colored in gray, demonstrating 
the twofold rotational symmetry 
relating the cytoplasmic and 
nuclear halves of each spoke. 

(E) Equatorial and peripheral IRCs 
adopt similar conformations. 
Identical views of the cytoplasmic 
peripheral IRC, the cytoplasmic 
equatorial IRCs, and their super- 
position are shown. For clarity, the 
equatorial IRC is colored in gray in 
the superposition. (F) Organiza- 
tion of FG repeats in the inner ring. 
Colored spheres indicate the 
positions of the N termini of the 
three channel nucleoporins for all 
32 CNT copies in the inner ring. 
Despite four distinct CNT positions 
in each spoke, the N termini for 
the cytoplasmic and nuclear 
complexes are arranged in 
approximately the same plane. 
Thus, though not possessing 

true 16-fold symmetry, the CNT 

N termini approximately form two 
16-membered rings, which are 
indicated by a solid and a dashed 
line. The FG repeats of the 
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16-membered CNT rings project circumferentially into the central transport channel with opposite directionality (cytoplasmic CNT ring, counterclockwise; nuclear 
CNTring, clockwise). Cartoons of the CNT molecules for a single spoke are shown to indicate the directionality of the FG repeats. 


distinct pairs of Nup170 molecules, which we 
refer to as equatorial, peripheral, and bridging 
Nup170 molecules. The equatorial pair occupies 
alternating orientations equatorially along the 
surface of the nuclear envelope (Fig. 6C and fig. 
S36A). The resolution of the cryo-ET reconstruc- 
tion of these molecules is high enough that the 
central holes of the B-propellers are readily visi- 
ble at higher contour levels (fig. S36A). The bridg- 
ing pair of Nup170 molecules connect the inner 
ring to the outer CNC rings through a contact 
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with Nup120 (Fig. 6C and figs. S36B and S43). 
The peripheral Nup170 molecules, which have a 
weaker quality of fit and were identified only 
after placing all other symmetric core compo- 
nents, contact both the equatorial and bridging 
Nup170 molecules (Fig. 6C and fig. S40). The equa- 
torial Nic96 molecules contact multiple Nup170 
molecules, effectively bridging the nuclear and 
cytoplasmic networks. The ALPS and WF motifs 
that we identified in Nup170X™ and the C- 
terminal amphipathic helix of Nup53 are po- 


sitioned directly adjacent to the nuclear envelope 
(Fig. 6C). Thus, Nup170 and Nic96 constitute a 
membrane coat for the inner ring that is anal- 
ogous to the CNCs in the outer ring. 


Inter-spoke interactions 


We next searched for interfaces that mediate 
interactions between spokes. Several potential 
interactions have been identified in previous 
studies, including one between Nup133N™ and 
Nup120%" (40). Our composite structure revealed 
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Movie 5. Overview of the composite structure of the NPC symmetric core. The structures are 
shown as docked into the cryo-ET reconstruction of the intact human NPC, oriented with the cytoplasmic 
face on top and the nuclear face on the bottom. The nuclear envelope and protein densities are colored in 
gray and white, respectively. Crystal structures of symmetric core nucleoporins are first Shown as cartoons 
(colored according to Fig. 5), then without the cryo-ET reconstruction density, and finally in surface 


representation. 


four additional interactions between CNC compo- 
nents that could link adjacent spokes: (i) between 
the neighboring proximal Nup84 and the distal 
Nup85, (ii) between the proximal Nup133 o-helical 
solenoid and the distal Nup120 a-helical solenoid, 
(iii) between the proximal Nup133 B-propeller and 
the proximal Nup120 B-propeller, and (iv) between 
the distal Nup133 B-propeller and the distal Nup120 
B-propeller (fig. S43, A to C). The space between 
the proximal and distal CNCs contains a density 
that readily accommodates a Nup188 molecule. 
Nup188 recognizes a special niche generated in 
the CNC inter-spoke interface, bridging four CNC 
molecules by potentially making contacts with 
(v) the distal Sec13, (vi) the distal Nup835, (vii) the 
proximal Nup43, and (viii) the proximal Nup133 
of a neighboring spoke (fig. $43, B and C). The 
Nic96*?-binding site in Nup188"“” is not occluded 
by any additional density (fig. S43B). Because of 
the absence of strong density in this region, we 
cannot determine whether only Nup188 or an entire 
Nup188 complex would be anchored to the outer 
rings at this site. However, any flexibly tethered 
components of the NPC, including the remainder 
of the Nup188 complex, may not be clearly visible 
in cryo-ET reconstructions. 

Inspection of the interaction surfaces also pro- 
vided a molecular explanation for how two CNC 
rings are assembled. Nup133 and Nup170 bind to 
distinct Nup120 molecules via overlapping inter- 
faces on the proximal and distal Nup120 mole- 
cules, respectively, effectively capping the CNCs 
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on either side (fig. S43, D and E). These results 
are in agreement with a common evolutionary 
origin for Nup120, Nup133, and Nup170, which 
all possess similar domain architectures, contact 
the nuclear envelope via ALPS motifs, and inter- 
act with each other at inter-spoke interfaces. The 
U-bend solenoid nucleoporins—Nup85, Nup145C, 
Nup84, and Nic96—bridge these inter-spoke in- 
terfaces to form a continuous membrane-bending 
coat. These results also support the protocoa- 
tomer hypothesis of a common evolutionary origin 
for vesicle coats and the NPC coat, which contends 
that the extant nucleoporins derive from an 
ancient membrane coat that contained these pro- 
tein folds (44). 

We could only identify a single interaction that 
would analogously link the inner ring spokes, 
which would be mediated by an interaction be- 
tween Nup53™ and Nup192 (Fig. 7). In our compo- 
site structure, peripheral Nic96 molecules orient 
Nup53"” directly adjacent to the Nup53-binding 
site on equatorial Nup192 molecules from a neigh- 
boring spoke (Fig. 7B). Our biochemical mapping 
experiments identified adjacent binding sites for 
Nic96 and Nup192 on Nup53 (Fig. 2F) and indi- 
cate that a fragment containing both of these 
binding sites could bridge the two nucleoporins 
(fig. S14C). Thus, binding of Nup53*" in trans to a 
Nup192 molecule from a neighboring spoke would 
link the inner ring spokes. 

An open question regarding nucleocytoplasmic 
transport has been the mechanism of inner nuc- 


lear membrane (INM) protein transport through 
the NPC, particularly for INM proteins with large 
globular nuclear domains. Peripheral channels 
on the order of ~100 A have been proposed as 
routes for INM transport (45), but we observed 
no such channels through the inner ring in either 
our composite structure or the cryo-ET reconstruc- 
tion (Fig. 5). Given the dense packing within each 
spoke, traffic of INM proteins through a spoke 
would require considerable disruption of the NPC 
structure (Fig. 7A). Rather, the most likely path 
through the inner ring would be at the inter-spoke 
interfaces where Nup53™ and Nup192 interact 
(Fig. 7). The CNCs form a ~100 A arch above this 
interface, providing an uninterrupted path to the 
inner ring and possibly explaining the previously 
observed upper limit for the size of nuclear do- 
mains (Fig. 6A) (46). However, the channel at the 
inner ring is much smaller, suggesting that re- 
arrangements at the inter-spoke interface may 
be necessary to traffic large nuclear domains. 
Thus, our composite structure of the NPC sym- 
metric core enables rational design of exper- 
iments to further understand the mechanism 
of INM protein import. 


A flexible linker mediates 
CNC oligomerization 


While reconstituting the CNCs, we noticed that 
the assembly of the CNC octamer spontaneously 
generated a separate solution phase (fig. S44:A). 
Similar phase transitions have previously been 
observed in other systems with multiple binding 
valencies, suggesting that the oil droplet forma- 
tion that we observed resulted from oligomer- 
ization of the CNC (47). We previously identified 
an interaction between Nup133*"" and Nup120 
that would mediate head-to-tail CNC ring forma- 
tion, which would be consistent with the compo- 
site structure of the NPC (40). Removal of the 
unstructured Nup133“"" completely ablated both 
oil droplet and complex formation, suggesting that 
this flexible interaction serves as a driving force 
for CNC ring formation (fig. S44). We also found 
that Nup170 could be incorporated into this 
separate solution phase and that this incorpora- 
tion was ablated by C-terminal truncation, which 
is consistent with the interaction between the 
proximal Nup120 and bridging Nup170 mole- 
cules that we observed in our composite struc- 
ture (fig. S44A). 


Conservation of NPC architecture 


Our results establish the principles that drive 
the assembly of nucleoporins in the NPC. Where- 
as the outer rings assemble largely through struc- 
turally rigid interaction surfaces, inner ring assembly 
is primarily driven by flexible linker sequences 
within Nup53, Nup145N, and Nic96“™. This di- 
chotomy may reflect the different roles of the 
respective complexes. The outer rings provide a 
structural scaffold for the NPC, and, given their 
location above the plane of the nuclear envelope, 
their assembly would not be greatly affected by 
the dynamic generation of membrane curvature 
during fusion of the inner and outer nuclear 
membranes. In contrast, the proteins in the inner 
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ring occupy an environment that only exists after 
membrane fusion, probably necessitating con- 
formational flexibility over the course of NPC 
assembly. 

The importance of these flexible interactions 
in the NPC is highlighted by their evolutionary 
conservation, despite poor overall sequence con- 
servation in the linker nucleoporins Nup53 and 
Nupl45N. The overall folds of the scaffold pro- 


teins are well conserved in S. cerevisiae (sc) (fig. 
$45); furthermore, point mutations in the bind- 
ing pockets of scNic96, scNup170, and scNup157 
disrupted their interaction with linker sequences 
(figs. S46 to S48). A complete understanding of 
the interaction network in S. cerevisiae has been 
difficult to obtain because of the genetic redun- 
dancy that arises from several gene duplications 
(Nup170 and Nup157; Nup53 and Nup59; and 


Nup145N, Nup100, and Nup116). We found that 
the paralogs mostly retained the ability to form 
these interactions, but we did not detect an in- 
teraction between scNup188 and any of the 
Nup145N paralogs (figs. S46 to S50). 

Our structural data also highlight the evolu- 
tionary conservation of the structure and inter- 
actions of nucleoporins. Although crystal structures 
of the human scaffold nucleoporins have not 
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Fig. 7. Cylindrical organization of the NPC. (A) Top view of the composite 
structure of the NPC symmetric core, viewed from the cytoplasm (left). Col- 
oring is according to Fig. 5. The schematic representation on the right il- 
lustrates the distinct concentric cylinders observed in the symmetric core. 
Cartoons of the linker nucleoporins and the unstructured NTE of Nic96 are 
shown to indicate how they span across multiple cylinders. Arrows indicate 
gaps between the inner ring spokes, which represent proposed paths for 
inner nuclear membrane protein transport. (B) Only a single contact is 
observed between two adjacent inner ring spokes. A close-up view of the 
inter-spoke interface in the inner ring is shown in an orientation similar to 
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Fig. 5A. The two adjacent spokes are depicted as gray and white surfaces 
on the left and right, respectively. An equatorial Nup192 molecule (spoke 
1) and a peripheral Nic96 molecule bound to Nup53 (spoke 2) are shown 
as cartoons. The Nup53-binding site on Nup192 is labeled, and the 
proposed path of the peptide is drawn as a purple dashed line. (©) Sche- 
matic illustrating the concentric cylinder organization of the symmetric 
core, viewed from the side. The order and arrangement of the binding sites 
for the linker nucleoporins observed in the composite structure are 
depicted. The proposed inter-spoke interaction between Nup53 and 
Nup192 is drawn at the bottom. 
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Movie 6. Rotating structure of a single spoke of the NPC symmetric core. The crystal structures are 
shown as docked into the cryo-ET reconstruction of the intact human NPC, oriented with the cytoplasmic 
face on top and the nuclear face on the bottom. The nuclear envelope is colored in gray. Crystal structures 
of symmetric core nucleoporins are shown as cartoons colored according to Fig. 6. 


been determined, previous comparisons of the 
fungal CNC with low-resolution reconstructions 
of the human CNC suggest a conserved archi- 
tecture (13, 14). Superposition of the structures of 
Nup53"™™ and Nupl45N*? P with their human 
homologs also revealed that their folds are iden- 
tical (fig. S38) (30). In addition, the mechanism 
of interaction between Nup170 and Nup145N is 
conserved in humans, and we found that phos- 
phomimetic mutations weakened the interac- 
tion between AsNup98 and hsNup155. Several 
other phosphorylation sites have been identi- 
fied in Nup98, many of which potentially over- 
lap with scaffold binding sites (35). Therefore, 
phosphorylation could also regulate other key 
interactions, including those that occur between 
Nupl45N and Nup188, Nup192, and the CNC. 
Nup53 is similarly phosphorylated in a cell cycle- 
dependent manner, and phosphorylation of both 
linker nucleoporins thus would be an effective 
means to disassemble the entire inner ring of 
the NPC (48). 


Conclusions 


Determining the molecular details of nucleocy- 
toplasmic transport has been a longstanding 
challenge, at least in part due to an incomplete 
understanding of the architecture and biochem- 
istry of the NPC itself. We used purified recom- 
binant proteins to systematically characterize 
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the nucleoporin interaction network and deter- 
mine atomic-resolution structures of nucleoporin 
complexes. This approach was crucially com- 
plemented by recent advances in cryo-ET re- 
constructions (28). Using the results of our 
divide-and-conquer approach, we were able to 
dock the available crystal structures into a cryo- 
ET reconstruction of the human NPC, yielding a 
composite structure for the entire NPC symmet- 
ric core. This union of bottom-up and top-down 
approaches offers a paradigm for determining 
the architectures of similarly complex macro- 
molecular assemblies. 

Our composite structure differs dramatically 
from previously reported computational models, 
not only in relative and absolute stoichiometry 
but also in overall architecture (49). These dis- 
crepancies highlight the complexities that must 
be accommodated when attempting a holistic, 
computational approach. We observed a high 
degree of symmetry in the structure of the NPC, 
which explains how such a limited vocabulary 
of proteins can generate such a large macro- 
molecular structure. Most nucleoporins also 
occupy multiple distinct biochemical environ- 
ments. Nup170 offers a dramatic example of this 
property: Biochemically distinct versions of Nup170 
are either buried in the inner ring or are exposed 
in the bridge between the inner and outer rings. 
Similarly, Nup120 uses overlapping, exclusive 


interfaces to contact Nup170 and Nup133. Be- 
cause of this diversification of nucleoporin func- 
tion, the NPC can be encoded by a relatively small 
number of genes. The gene duplications of nu- 
cleoporins in S. cerevisiae may reflect the gradual 
separation of these distinct functions into several 
genes. Nup170 appears to also adopt different 
conformations in each of its distinct biochemical 
environments, which is consistent with the wide 
conformational range that we observed in the 
crystal structures. It is possible that the different 
conformations are the result of different mechan- 
ical forces acting on Nup170 at each position. 

Biochemical diversification of proteins within 
the same protein complex also generates enor- 
mous challenges for computationally modeling 
the structure of the NPC and similar complexes, 
because distance restraints such as cross-links 
that are valid in one biochemical environment 
may be violated in another. This challenge is ex- 
acerbated by the possibility of flexibly tethered 
domains or nucleoporins, such as those in the 
Nup188 complex. Our results also highlight the 
confounding effect generated by the flexible 
linker nucleoporins Nup53 and Nup145N, which 
occupy binding sites that span the entirety of 
the inner ring, rather than a single globular 
volume. The structure of the NPC could be 
used as a template for the development of meth- 
ods that can accommodate these additional 
complexities. 

Our composite structure of the NPC provides a 
rich platform for contextualizing previous results, 
not all of which can be discussed here. The struc- 
ture also permits the rational design of new exper- 
iments to not only further validate the structure, 
but also to begin structure-function investigation 
of the NPC. Our biochemical results led to a map 
of the strongest and most conserved interactions, 
but our composite structure indicates that many 
additional interactions can occur in the context of 
the assembled NPC. However, a structural under- 
standing of the entire NPC at single-residue 
resolution still requires several advances. Suc- 
cessful placement of crystal structures of fungal 
nucleoporins into a cryo-ET reconstruction of 
the intact human NPC demonstrates not only the 
evolutionary conservation of NPC structure, but 
also the need for structural characterization of 
human nucleoporins and further improvement 
of the resolution of cryo-ET reconstructions to 
increase the accuracy of the composite structure 
of the NPC. Improved resolution in cryo-ET re- 
constructions in which secondary structure ele- 
ments can be visualized would enable flexible 
fitting of high-resolution crystal structures. We 
were not able to dock any of the asymmetric com- 
ponents of NPC into the composite structure, 
because of the small size of extant structures 
and the absence of high-quality restraints (fig. 
$41). A similar approach to the one used here 
will be necessary to extend our analysis to the 
many proteins in the cytoplasmic filaments and 
nuclear basket that interact directly with trans- 
port factors and that are implicated in human 
disease. Lastly, high-resolution structural charac- 
terization of the remaining interactions, especially 
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those involving flexible linker sequences, remains 
critical to building a truly complete structure of 
the NPC, because these interactions may never be 
resolved in cryo-ET reconstructions. 


Materials and methods 
Bacterial expression constructs 


DNA fragments were amplified by polymerase chain 
reaction using C. thermophilum and H. sapiens 
cDNA. SUMO (small ubiquitin-like modifier)-tagged 
proteins were cloned into a modified pET28a or 
pET-MCN vector containing an N-terminal hexahis- 
tidine tag followed by a SUMO tag by using BamHI 
and NotI restriction sites (50, 57). Hexahistidine- 
tagged proteins were cloned into a modified pET28a 
vector containing an N-terminal hexahistidine tag 
followed by a protease cleavage site (PreScission) 
by using NdeI and NotI restriction sites (52). Glu- 
tathione S-transferase (GST)-tagged proteins were 
cloned into a pGEX-6P1 vector by using the BamHI 
and NotI restriction sites. Mutants were generated 
by QuikChange mutagenesis and confirmed by 
DNA sequencing. Details of bacterial expres- 
sion constructs are shown in table S1. 


Protein expression and purification 


Proteins were expressed in Escherichia coli BL21- 
CodonPlus(DE3)-RIL cells (Stratagene) in Luria- 
Bertani media and induced at an OD 600 (optical 
density at 600 nm) of 0.8 with 0.5 mM isopropyl- 
B-p-thiogalactopyranoside. Details regarding 
expression times and temperatures are given 
in table S1. Seleno-L-methionine (SeMet)-labeled 
proteins were expressed with a methionine path- 
way inhibition protocol, as previously described 
(&3). Cells were harvested by centrifugation and re- 
suspended in a buffer containing 20 mM TRIS [tris 
(hydroxymethyl)aminomethane, pH 8.0], 500 mM 
sodium chloride, and 5 mM 2-mercaptoethanol 
(B-ME) for hexahistidine-tagged proteins, or a 
buffer containing 20 mM TRIS (pH 8.0), 200 mM 
sodium chloride, and 4 mM DTT for GST-tagged 
proteins; both were supplemented with complete 
EDTA-free protease inhibitor cocktail (Roche), un- 
less otherwise noted. For purification, the cell 
suspensions of all proteins and protein complexes 
were supplemented with 1 mg deoxyribonuclease 
I (Roche) and lysed by using a cell disruptor 
(Avestin). Cell lysates were cleared by means of 
centrifugation at 30,000g for 1 hour. The super- 
natants were filtered through a 0.45-\1m filter (Milli- 
pore) and purified using standard chromatography 
methods (details are given in table S2). Proteins 
were concentrated to ~10 to 20 mg/ml for biochem- 
ical interaction experiments, complex reconstitution, 
and crystallization. Representative chromatograms 
and SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) analyses are shown for the purifications for 
Nupl20eNup37eELYSeNup85, Secl3eNupl45C, Nup84« 
Nup133, Nic96*CNT, Nup192, Nup188, Nup170, 
Nup53, and Nup145N (figs. S51 to S59). 


Reconstitution of 
Nup120+Nup37*ELYS*Nup85 

Purified Nup120-Nup37°ELYS heterotrimer was 
mixed with a twofold molar excess of purified 
Nup85, incubated for 30 min on ice, and injected 
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onto a HiLoad Superdex 200 16/60 prep grade 
(PG) gel filtration column equilibrated in 20 mM 
TRIS (pH 8.0), 150 mM sodium chloride, 5 mM 
dithiothreitol (DTT), and 5% (v/v) glycerol. Complex- 
containing fractions were pooled and concen- 
trated to ~8 mg/ml for biochemical studies and 
further reconstitutions (see also fig. S51 for al- 
ternative copurification). 


Reconstitution of Nup120*Nup37*ELYS=* 
Nup85+Sec13+*Nup145C (CNC hexamer) 


Purified Nup120-Nup37*ELYSeNup85 heterote- 
tramer was mixed with a twofold molar excess of 
purified Secl3*Nup145C heterodimer, incubated 
for 30 min on ice, and injected onto a HiLoad 
Superdex 200 16/60 PG gel filtration column 
equilibrated in 20 mM TRIS (pH 8.0), 150 mM 
sodium chloride, 5 mM DTT, and 5 % (v/v) gly- 
cerol. Complex-containing fractions were pooled 
and concentrated to ~8 mg/ml for biochemical 
studies and further reconstitutions. 


Reconstitution of Nup120*Nup37*ELYS=* 
Nup85eSec13+Nup145C+Nup84+ 
Nup133°%T* (CNC octamer) 


Purified Nup120-¢Nup37*ELYSeNup85«Secl13*Nupl45C 
(CNC hexamer) was mixed with a 1.1-fold molar 
excess of purified Nup84eNup133“.™™ hetero- 
dimer, incubated for 30 min on ice, and injected 
onto a HiLoad Superdex 200 16/60 PG gel fil- 
tration column equilibrated in 20 mM TRIS (pH 
8.0), 150 mM sodium chloride, 5 mM DTT, and 
5 % (v/v) glycerol. Complex-containing fractions 
were pooled and concentrated to ~8 mg/ml for 
biochemical studies and further reconstitutions. 


Reconstitution of Nic96S0-* SUMO-Nup53? °° 


Purified Nic96°°" was mixed with a 1.2-fold molar 
excess of purified SUMO-Nup53" °°, incubated on 
ice for 30 min, and injected over a HiLoad Superdex 
200 16/60 PG column equilibrated in a buffer con- 
taining 20 mM TRIS (pH 8.0), 100 mM sodium 
chloride, and 5 mM DTT. Complex-containing 
fractions were pooled and concentrated at room 
temperature to ~10 mg/ml for biochemical studies. 


Purification of Nic96*CNT 


Cells containing Nic96 and CNT were grown in- 
dividually and resuspended in 50 mM TRIS (pH 
8.0), 500 mM sodium chloride, 4 mM B-ME, and 
10 % (v/v) glycerol supplemented with complete 
EDTA-free protease inhibitor cocktail, 2 mM bo- 
vine lung aprotinin (Sigma), and 1 mM phenyl- 
methanesulfonyl fluoride (Sigma). Before lysis, 
cell suspensions containing CNT and Nic96 were 
mixed in a 3:1 ratio. Clarified lysate was loaded 
onto a Ni-nitrilotriacetic acid column equilibrated 
in a buffer containing 25 mM TRIS (pH 8.0), 500 mM 
sodium chloride, 4 mM B-ME, 20 mM imidazole, 
and 5 % (v/v) glycerol and eluted with an im- 
idazole gradient. Peak fractions were pooled and 
desalted using a HiPrep 26/20 Desalting column 
(GE Healthcare) equilibrated in a buffer con- 
taining 20 mM TRIS (pH 8.0), 150 mM sodium 
chloride, 5mM DTT, and 5 % (v/v) glycerol in 
the presence of ULP1 protease. After SUMO cleav- 
age, the protein was loaded onto a MonoQ 5/50 


GL column (GE Healthcare) equilibrated in 
20 mM TRIS (pH 8.0), 150 mM sodium chloride, 
5mM DTT, and 5 % (v/v) glycerol and eluted with 
a sodium chloride gradient. Complex-containing 
fractions were pooled for further biochemical 
reconstitutions (see also fig. S54). 


Reconstitution of Nup192*Nup145N, Nup192+ 
Nup53, and Nup192*Nup145N+*Nup53 


Purified Nup192 was mixed with a 1.5-fold molar 
excess of purified Nup53 and/or Nup145N. The 
mixture was incubated on ice for 30 min before 
injection onto a HiLoad Superdex 200 16/60 PG 
column equilibrated in a buffer containing 20 mM 
TRIS (pH 8.0), 100 mM sodium chloride, and 5 mM 
DTT. Complex-containing fractions were pooled 
and concentrated to ~10 mg/ml for biochemical 
studies and further reconstitutions. 


Reconstitution of Nup192*Nic96*Nup53*CNT 
and Nup192+Nic96*Nup145N:Nup53*CNT 
(IRC*Nup53) 

Purified Nup192eNup53 heterodimer or Nup192¢ 
Nup145N-Nup53 heterotrimer was mixed with a 
twofold molar excess of purified Nic96*CNT het- 
erotetramer, incubated for 30 min on ice, and 
injected onto a HiLoad Superdex 200 16/60 PG 
gel filtration column equilibrated in 20 mM TRIS 
(pH 8.0), 100 mM sodium chloride, 5 mM DTT, 
and 2% (v/v) glycerol. Complex-containing frac- 
tions were pooled and concentrated to ~5 mg/ml 
for biochemical studies. 


Reconstitution of 
Nup82%™+Nup1597*Nup145N 


Purified Nup82%*?-*Nupi59" heterodimer (T, 
TAIL; residues 1440 to 1481) was mixed with a 
1.2-fold molar excess of purified Nup145N, in- 
cubated on ice for 30 min, and injected onto a 
HiLoad Superdex 200 16/60 PG column equil- 
ibrated in buffer containing 20 mM TRIS (pH 
8.0), 100 mM sodium chloride, and 5 mM DTT. 
Complex-containing fractions were pooled and 
concentrated to ~30 mg/ml for biochemical studies. 


Reconstitution of Nup170+*Nup53, 
Nup170+*Nup145N, and 
Nup170+*Nup53*Nup145N 

Purified Nup170 was mixed with a twofold molar 
excess of purified Nup53 and/or Nup145N. The 
mixture was incubated on ice for 30 minutes 
before injection onto a HiLoad Superdex 200 
16/60 PG column equilibrated in a buffer con- 
taining 20 mM TRIS (pH 8.0), 200 mM sodium 
chloride, 5 mM DTT, and 5% (v/v) glycerol. 
Complex-containing fractions were pooled and 
concentrated to ~10 mg/ml for biochemical studies 
and further reconstitutions. 


Reconstitution of Nup170*Nup53*Nup192 


Purified Nup170*Nup53 heterodimer was mixed 
with a 1.2-fold molar excess of purified Nup192, 
incubated on ice for 30 min, and injected onto 
a HiLoad Superdex 200 16/60 PG column equil- 
ibrated in a buffer containing 20 mM TRIS 
(pH 8.0), 150 mM sodium chloride, and 5 mM 
DTT. Complex-containing fractions were pooled 
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and concentrated to ~8 mg/ml for biochemical 
studies. 


Reconstitution of Nup188*Nup145N 


Purified Nup188 was mixed with a twofold molar 
excess of purified Nup145N, incubated on ice for 
30 min, and injected onto a HiLoad Superdex 200 
16/60 PG column equilibrated in a buffer containing 
20 mM TRIS (pH 8.0), 100 mM sodium chloride, 
and 5 mM DTT. Complex-containing fractions 
were pooled and concentrated to ~10 mg/ml for 
biochemical studies and further reconstitutions. 


Reconstitution of 
Nup188+Nic96*Nup53*CNT 

Purified Nup188 was mixed with twofold molar 
excess of purified Nup53 and Nic96¢CNT hetero- 
tetramer, incubated for 30 min on ice, and in- 
jected onto a HiLoad Superdex 200 16/60 PG gel 
filtration column equilibrated in 20 mM TRIS 
(pH 8.0), 100 mM sodium chloride, 5 mM DTT, 
and 2% (v/v) glycerol. Complex-containing frac- 
tions were pooled and concentrated to ~5 mg/ml 
for biochemical studies. 


Reconstitution of scNup170°"°*scNup145N 
and scNup157©™«scNup145N 


Purified scNup170“ or scNup157" was mixed 
with a 1.5-fold molar excess of purified scNup145N. 
The mixture was incubated on ice for 30 min prior 
to injection over a HiLoad Superdex 200 16/60 
PG column equilibrated in a buffer containing 
20 mM TRIS (pH 8.0), 300 mM sodium chloride, 
5 mM DTT, and 5% (v/v) glycerol. Complex- 
containing fractions were pooled and concen- 
trated to ~10 mg/ml for biochemical studies. 


Reconstitution of scNup170°'+scNup100 


Purified scNup170 was mixed with a 1.5-fold 
molar excess of purified scNup100, incubated on 
ice for 30 min, and injected onto a HiLoad Super- 
dex 200 16/60 PG column equilibrated in a buffer 
containing 20 mM TRIS (pH 8.0), 100 mM so- 
dium chloride, 5% (v/v) glycerol, and 5 mM DTT. 
Complex-containing fractions were pooled and 
concentrated to ~10 mg/ml for biochemical studies. 


Multiangle light scattering 
coupled to analytical 
size-exclusion chromatography 


Purified proteins and complex formations were 
characterized by inline multiangle light scatter- 
ing (MALS) after separation on a Superdex 200 
10/300 GL or a Superose 6 10/300 GL column. All 
experiments conducted using the Superdex 200 
10/300 GL column were performed in a buffer 
containing 20 mM TRIS (pH 8.0), 100 mM sodium 
chloride, and 5 mM DTT, whereas experiments 
conducted using the Superose 6 10/300 GL column 
were performed in a buffer containing 20 mM 
TRIS (pH 8.0), 150 mM sodium chloride, and 5 mM 
DTT. The chromatography system was connected 
in series with an 18-angle light-scattering detector 
(DAWN HELEOS II, Wyatt Technology), a dynamic 
light-scattering detector (DynaPro Nanostar, Wyatt 
Technology), and a refractive index detector (Opti- 
lab t-rEX, Wyatt Technology). Data were collected at 
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21°C every 1s at a flow rate of 0.4: ml/min and analyzed 
using ASTRA 6 software, thereby generating molar 
mass and mass distribution (polydispersity) meas- 
urements of the samples (54). For interaction studies, 
proteins were mixed and preincubated on ice for 
30 min before being applied to the gel filtration co- 
lumn. Protein-containing fractions were analyzed 
by SDS-PAGE followed by Coomassie brilliant blue 
staining. Experimental and theoretical masses of all 
proteins and complexes are listed in table S10. 


Immunoblotting 


Protein from peak fractions was resolved on a 
12% SDS-PAGE gel, transferred to polyvinylidene 
difluoride membranes, and immunoblotted with 
a mouse antibody against the aviTag (Genscript, 
1:1000 dilution), followed by an alkaline phosphatase- 
conjugated goat antibody against mouse immu- 
noglobulin G (Promega, 1:4000 dilution). Blots were 
developed with SigmaFast bromochloroindolyl 
phosphate-nitro blue tetrazolium tablets (Sigma) 
for 2 to 3 min and imaged immediately. 


Crystallization and 
structure determination 


Crystallization trials for all proteins were performed 
at 21°C in hanging drops containing 1 wl of protein 
and 1 ul of reservoir solution. SeMet-labeled crystals 
were grown under similar conditions. Details of 
the crystallization and cryoprotection are given 
in table S4. X-ray diffraction data were collected at 
100 K at beamline 8.2.2 at the Advanced Light Source 
(ALS) at Lawrence Berkley National Laboratory, 
beamline BL12-2 at the Stanford Synchrotron Radia- 
tion Source (SSRL), and beamline GM/CA-CAT 23ID-D 
at the Advanced Photon Source (APS). The x-ray 
diffraction data were processed using XDS (55). 
Structures were phased with Phaser, and maps 
were improved by density modification with RESOLVE 
(56, 57). Iterative rounds of model building and 
refinement were performed using COOT and PHENIX 
(68, 59). All models had excellent stereochemistry and 
geometry, as determined by Molprobity (60). Details 
of refinement and data processing are given in tables 
S5 to S9. 


Structure determination of 
Nup170%7°+ Nup53329-3% 


Purified Nup170“"” was mixed with a threefold 
molar excess of synthesized Nup53°”° ** peptide 
(Zhejiang Ontores Biotechnologies). To obtain 
high-resolution diffraction, residues 293 to 305 
of Nup170“", which were predicted to reside in 
a large loop, were deleted. Crystals were grown in 
1.0 M sodium potassium phosphate (pH 6.9) and 
cryoprotected by gradual addition of glycerol to 
the crystallization drop. The Nup53”° ° peptide 
was added to all cryoprotectant solutions. The 
structure was determined by single-wavelength 
anomalous dispersion (SAD) with Phaser, using 
anomalous x-ray diffraction data collected from a 
crystal containing SeMet-labeled Nup170‘””. 


Structure determination of apo Nup170°T? 


A quadruple methionine mutant (Y905M, L1007M, 
L1183M, and V1292M) was used for crystallization 
and collection of SeMet SAD data for apo Nup170°. 


Crystals were grown in 0.1 M MES (pH 6.3), 10% 
(w/v) PEG-20,000 (polyethylene glycol, molecu- 
lar weight 20,000), 10% (v/v) ethylene glycol, and 
0.2 M potassium thiocyanate and cryoprotected 
by gradual addition of ethylene glycol to the crys- 
tallization drop. The four additional methionine 
positions were introduced as sequence markers 
for high-confidence sequence assignment. An ini- 
tial model was used for molecular replacement in 
Phaser with diffraction data collected from crys- 
tals of native apo Nup170™” that diffracted to 2.1A 
resolution. Crystals of native apo Nup170“? were 
grown in 0.1 M Hepes (pH 7.0) and 1.0 M sodium 
acetate and cryoprotected by gradual addition of 
ethylene glycol to the crystallization drop. 


Structure determination of 
Nup170°"?+Nup145N729-79° 


Purified Nupi707? was incubated with a three- 
fold molar excess of synthesized Nupl45N”°-”°° 
peptide (Zhejiang Ontores Biotechnologies). At- 
tempts to obtain crystals with stoichiometric 
Nup145N incorporation revealed that two regions 
of Nup170“ could bind to the Nup45N-binding 
pocket (1403 to 1416 and 1375 to 1377), blocking 
the Nup170-NupI45N interaction. To obtain crys- 
tals of the complex, both of these regions of Nup170 
were deleted. Complex crystals were grown in 0.2 M 
lithium acetate and 12% (w/v) PEG-3350. Crystals 
were cryoprotected by gradual addition of ethylene 
glycol to the crystallization drop. Phasing was per- 
formed by means of molecular replacement in Phaser, 
using the structure of apo Nup170” as a search model. 


Structure determination of Nup170°°" 


Crystals of Nup170°°" were grown in 0.1 M Hepes 
(pH 7.1) and 0.5 M ammonium sulfate and cryo- 
protected by gradual addition of ethylene glycol to 
the crystallization drop. The Nup170°°" structure 
was determined with the MR-SAD routine in 
PHENIX, combining molecular replacement phases 
obtained by using the corresponding fragments 
of the Nup170%™ and Nup170™ structures with 
SAD phases obtained from anomalous x-ray dif- 
fraction data that were collected from a crystal 
containing SeMet-labeled Nup170°°". The crys- 
tals diffracted with a high degree of anisotropy, 
with diffraction past 3.9 A for two axes, but dif- 
fraction was limited to 4.5 A for the third axis. 
Minimal model building was performed after the 
high-resolution structures were refined as rigid 
bodies, with the exception of the loops connecting 
helices «16, «17, and «18, which were not observed 
in the other structures. The overall correctness of 
the observed conformation was confirmed by 
calculating anomalous difference Fourier maps 
to locate the methionine positions. Refinement 
was performed with anisotropically truncated 
data, which yielded more interpretable maps. 


Structure determination of apo Nic96S™ 
and Nic96S°+ Nup5372 64 


The structure of apo Nic96°°! was determined 


using SAD x-ray diffraction data collected from 
crystals grown with SeMet-labeled Nic96°°" 
in 4% (v/v) tacscimate (pH 7.4) and 14% (w/v) 
PEG-3350 and cryoprotected by exchanging the 
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crystallization buffer with paratone-N. Purified 
Nic96°°"-Nup53°" ** was crystallized in 0.1 M 
TRIS (pH 7.0) and 12% (w/v) PEG-6000, and 1.2 M 
sodium chloride, and crystals were also cryoprotected 
by exchanging the crystallization buffer with para- 
tone-N. An initial model of apo Nic96°™" was built 
using the experimental electron density map and 
used as a search model in molecular replacement 
to determine the structure of Nic96°O"s Nup53?"** 
at 2.65 A resolution. Residues 31 to 66 of Nup53 are 
presumed to be disordered, because only residues 67 
to 84 were visible in the electron density map. 


Structure determination of Nup192“"£4° 


Despite extensive optimization and screening, 
crystals of Nup192“#= diffracted to ~10 A reso- 
lution at best. Inspection of the crystal structure 
of Nup192‘"” suggested helix «9, which protrudes 
from the surface of the protein, might be pre- 
venting the formation of stable crystal contacts. 
Thus, we replaced residues 167 to 184 with a GSGS 
linker. Crystals of this mutant grown in 0.1 M 
TRIS (pH 7.9), 6% (w/v) PEG-4000, and 5% (v/v) 
polypropylene glycol displayed improved diffrac- 
tion to ~5 A resolution. While screening for heavy 
metal derivatives, we noticed that the diffraction 
quality of these crystals was improved further 
by soaking with 0.2-l saturated potassium hexa- 
chloroosmate (K,OsClg) solution in a total drop 
volume of 5 ul for 1 min. Crystals were cryoprotected 
by gradually supplementing the drop with poly- 
propylene glycol in 5% steps. The structure was 
determined by molecular replacement with Phaser, 
using the corresponding fragments of Nup192*' 
[Protein Data Bank identifier (PDB ID) 4KNH] 
and Nup192™" (PDB ID 5CWV), followed by SAD 
phasing, using anomalous x-ray diffraction data 
collected at the osmium L3 edge (15, 20). Although 
the crystals only grew in the presence of Nup53”" °” 
peptide, no strong electron density was observed 
for the peptide, probably because of partial oc- 
cupancy of the peptide in the crystal. 


Structure determination of Nup53°°™ 


Nup53"*™ crystallized in two different crystal 
forms. Crystals grown in 0.1 M Hepes (pH 7.0), 
24% (w/v) PEG-3350, and 0.2 M potassium 
iodide crystallized in the space group P2,2,2). 
Crystals were cryoprotected by gradual addition 
of ethylene glycol to the crystallization drop. The 
crystal structure was determined by SAD phasing 
with Phaser, using anomalous x-ray diffraction 
data from a crystal grown with SeMet-labeled 
Nup53°®™. Iodide ions were placed in the native 
structure based on peaks in the anomalous dif- 
ference Fourier map. These crystals diffracted 
exceptionally well, with diffraction clearly visible 
up to 0.7 A resolution, but the geometry of the 
beamline did not permit positioning of the detector 
close enough to measure all spots with very high 
Bragg angles. As a result, the completeness of the 
data in the highest-resolution shells is low, but 
these data were included because they improved 
the quality of the electron density maps. The sec- 
ond crystal form of Nup53"*™ crystallized in the 
space group P3,21 in 4% (v/v) tacsimate (pH 4.1) 
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and 15% (w/v) PEG-3350. The crystals were cryo- 
protected in 32% (v/v) tacsimate (pH 4.1) and 19% 
(w/v) PEG-3350. The structure was determined by 
SAD phasing with Phaser, using anomalous x-ray 
diffraction data collected from potassium hexa- 
chloroosmate-derivatized native crystals. 


Structure determination of 
Nup145N4"°-Nup145C% 


Crystals of Nup145N“?? were grown in 0.1 M citric 
acid (pH 3.0) and 25% (w/v) PEG-3350 and cryo- 
protected with mother liquor supplemented with 
25% (v/v) ethylene glycol. The structure was deter- 
mined by molecular replacement with Phaser, using 
the crystal structure of Nupl45N“?> (PDB ID 5CWW) 
as a search model (15). We also crystallized a ca- 
talytically dead mutant, Nup145N“?? T994A, that 
was fused to the N-terminal six residues of Nup145C. 
Crystals grew in 0.1 M TRIS (pH 8.8), 32% (w/v) 
PEG~4000, and 0.2 M lithium sulfate and were cryo- 
protected with mother liquor supplemented with 
10% (v/v) glycerol. The structure was determined by 
molecular replacement with Phaser, using the crystal 
structure of Nupl45N“" as the search model. 


Generation of full-length structures 
by superposition for docking into 
cryo-ET reconstructions 


Superposition-generated structures of full-length 
Nup170 and Nup192 were generated by careful 
superposition of crystal structures of the respec- 
tive fragments. For Nup170, the crystal structure 
Nup1708"?-Nup53°"° 3% was superposed onto 
the crystal structure of Nup170°°". Minor differ- 
ences in the conformations of helices were ob- 
served at the truncated ends of the structures, 
but the conformation included in the models 
always corresponded to the structure in which no 
truncation was made. The various structures of 
Nup170°? were superposed onto the crystal struc- 
ture of Nup170°°" by using only helices «19 to 
0.24, which displayed only minimal conformation 
rearrangements. In the superposition-generated 
full-length Nup170 structure, residues 1 to 808 
were derived from the Nup170*"?-Nup53°"° 3! 
crystal structure, residues 809 to 844: were derived 
from the Nup170°" crystal structure, and resi- 
dues 845 to 1416 were derived from the various 
Nup170% crystal structures (see also fig. $25 
and Movie 1). A similar approach was used to 
superpose the structure of Nup192\"? (PDB ID 
4KNH) and Nup192™" (PDB ID 5CWV) onto the 
crystal structure of Nup192*"™, superposing 
only helices that had identical conformations in 
both crystal structures (15, 20). In the full-length 
Nup192 superposition-generated structure, resi- 
dues 1 to 253 were derived from the Nup192\"? 
crystal structure, residues 254 to 1750 from the 
Nup192*#™» crystal structure, and residues 1750 
to 1756 from the Nup192™" crystal structure (see 
also fig. S31 and Movie 4). 


Docking crystal structures into 
the cryo-ET reconstruction of the intact 
human NPC 


An incremental approach was used to dock avail- 
able crystal structures and superposition-generated 


structures into the previously reported ~23 A 
cryo-ET reconstruction of the intact human NPC 
(28). For all structures other than Nup37, Nup43, 
and Nup133%", global searches in the cryo-ET 
reconstruction were performed using the UCSF 
Chimera Fit Map command (67). Searches con- 
sisted of 50,000 initial placements that were 
locally optimized and scored based on correlation 
between a simulated 20 A map of the docked 
model and the cryo-ET reconstruction, taking into 
account the Cg, rotational symmetry of the latter. 
The top-scoring solutions for the search were in- 
spected for their agreement with previously pub- 
lished biochemical data and the biochemical 
data presented here. A flowchart of our incre- 
mental docking approach can be found in fig. S34. 
The average Fourier shell correlation between 
a single spoke and the map corresponding to the 
docked spoke was calculated using Refmac5 to 
a value of 0.79 at the reported resolution of the 
map (23 A) (62). 


Docking of the CNC 


Searches for the CNC hexamer (PDB ID 4XMM) 
and the hsNup84ehsNup133 heterodimer (PDB 
ID 3CQC) were performed in maps from which 
the density corresponding to the nuclear envel- 
ope had been removed (/4, 38). Because of its 
large size and distinctive shape, the four top- 
scoring solutions of the CNC hexamer have much 
higher scores than any other solution. Nup37 was 
docked by superposing the crystal structure of the 
S. pombe Nup120""-Nup37 heterodimer (PDB 
ID 4FHN) onto the CNC hexamer (39). hsNup43 
was docked into an unoccupied density next to 
Nup835, based on a previously identified cross-link 
and the previously reported interaction (13, 41). 
hsNup133 (PDB ID IXKS) was docked in an un- 
occupied density next to the Nup120 f-propeller, 
and the fit was optimized locally with the Fit Map 
command (63). Because the resolution of the map 
cannot distinguish between different orientations 
of the Nup43 and Nup133 B-propellers, their exact 
orientation is ambiguous. Details regarding CNC 
docking can be found in fig. $35. 


Docking of Nup170, Nup192, and Nup188 


Before performing global searches for Nup170 
and Nup192, the density corresponding to the 
docked CNCs was removed to obtain placements 
that would not clash with the CNCs. Searches 
in maps that included the density assigned to 
the CNCs produce similar results. Searches with 
Nup170 were performed using multiple confor- 
mations. Most conformations produced similar 
results, referred to as conformation I, and oc- 
cupied two symmetry-related positions in the 
inner ring. A different conformation (confor- 
mation II), which was derived from the structure 
of the apo Nup170%? quadruple methionine 
mutant, occupied symmetry-related positions 
bridging the inner and outer rings. For Nup192, 
we accepted five placements from the global 
search results, two placements in the inner 
ring, two placements in the outer rings, and 
one placement on the nuclear peripheral side of 
the inner ring. A matching cytoplasmic peripheral 
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placement was not found in global searches, but 
the manual placement on the cytoplasmic pe- 
ripheral side of the inner ring generated a score 
that would have ranked as the 9th highest. The 
four molecules placed in the inner ring were 
assigned as Nup192, and the two molecules placed 
in the outer rings were assigned as Nup188, based 
on the following considerations: (i) Nup188 bind- 
ing to Nupl45N was incompatible with both 
Nup192 and Nup170, making it unlikely that 
Nup188 is a component of the tightly packed 
inner ring core; (ii) cross-linking and mass spec- 
trometry data identified cross-links between 
Nup188 and Nup85 (3, 42); and (iii) Nup188 
mislocalization behavior was found to be con- 
sistent with other outer ring components upon 
genetic perturbation (64). Details regarding Nup170, 
Nup192, and Nup188 docking can be found in fig. $36. 


Docking of Nic96°°'+Nup537)-°4 
and CNT+Nic96*! 


Searches for the Nic96°°“«Nup53™ * complex were 
performed using a map of the inner ring from 
which the density corresponding to the placed 
Nup170, Nup188, and Nup192 molecules had also 
been removed. Many high-scoring solutions of 
Nic96°°" were related to each other by rotations 
along the long axis of the rod-shaped molecule, 
reflecting the ambiguity of the exact rotational 
orientation of the molecule at the resolution of 
the cryo-ET reconstruction. Searches for the 
CNT-Nic96"™ complex (PDB ID 5CWS) were per- 
formed in a map from which the density cor- 
responding to the placed Nic965° molecules 
also had been removed (75). Superposition of the 
X. laevis (xl) CNT crystal structures (PDB IDs 
5C2U and 5C3L) was performed by superposing 
alNup54 from the alCNT structure directly onto 
Nup57 from the CNT structure, and then superposing 
the ferredoxin-like domain onto the z/CNT structure 
(6). Details regarding Nic96* -eNups37 * and 
CNT» Nic96™docking can be found in fig. $37. 


Manual identification of a third pair of 
Nup170 molecules 


After successful placement of 32 copies each of 
Nup170, Nup192, Nic96°°", and the CNT in the 
inner ring, we continued our analysis by remov- 
ing the density corresponding to the docked mol- 
ecules. There were four major distinct densities 
remaining in the inner ring, each of which ap- 
peared on both the nuclear and cytoplasmic 
sides (fig. S40). The first set of densities cor- 
responded to the ferredoxin-like domain that is 
only present in metazoan Nup57. The second set 
corresponded to the density adjacent to the C- 
terminal TAIL domains of the equatorial Nup192 
molecules, which we assume arises from our 
structure imperfectly capturing the conforma- 
tion of Nup192 in the assembled NPC. The third 
major density was adjacent to the equatorial 
Nup170 B-propellers. We were unable to assign 
this density confidently to any remaining subunit, 
such as Nup538®™) Nupi45N“">, or any other nu- 
cleoporin of known structure. Lastly, a pair of 
extended densities was adjacent to the nuclear 
envelope (fig. S40). These densities were very 
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similar in shape to the Nup170 molecules that we 
had already placed, but neither of the conforma- 
tions that we previously placed yielded a high- 
quality fit. Instead, we found the best fit with a 
third conformation, although visible differences 
suggest that even this structure did not perfectly 
capture the conformation of this third mole- 
cule inside the NPC. Details regarding docking 
for this conformation of Nup170 can be found 
in fig. S40. 


Protein labeling for 
oligomerization experiments 


Proteins were labeled under conditions that 
were selective for the N-terminal amino group of 
proteins. Before the labeling reaction, purified CNC 
hexamer, Nup84eNup133, and Nup84°Nup133*™ 
complexes at concentrations of 10 to 20 uM were 
dialyzed in a buffer containing 100 mM sodium 
bicarbonate (pH 8.0), 100 mM sodium chloride, 
and 5 mM DTT. 20 pM Nup170 and Nup170*° were 
dialyzed against a buffer containing 100 mM so- 
dium bicarbonate (pH 8.0), 200 mM sodium chlo- 
ride, and 5 mM DTT. For the labeling reactions, 
BODIPY (boron-dipyrromethene) FL NHS Ester 
(succinimidyl ester) or Alexa Fluor 647 NHS Ester 
(succinimidyl ester) dyes (Molecular Probes) were 
added at ratios equimolar to the dialyzed protein 
samples and incubated for 50 min at room tem- 
perature. The reaction was subsequently quenched 
by dialysis against buffers containing 100 mM 
TRIS (pH 8.0) instead of sodium bicarbonate. 


Oligomerization experiments 


Oil droplet formation was analyzed by fluores- 
cence microscopy with a Carl Zeiss AxioImagerZ.1 
equipped with an AxioCamMRm camera. Ex- 
periments performed without Nup170 were per- 
formed with BODIPY-labeled CNC hexamer 
and Alexa Fluor 647-labeled Nup84eNup133 or 
Nup84-Nup133““"". Proteins were mixed at 
equimolar ratios directly on a cover slide and 
analyzed immediately. For experiments involving 
the incorporation of Nup170, BODIPY-labeled 
CNC hexamer and unlabeled Nup84eNup133 were 
first mixed together in equimolar ratios and then 
subsequently incubated with a 1.5-fold molar excess 
of Alexa Fluor 647-labeled Nup170 or Nup170°°. 


Figures and movies 


Gel filtration profiles and MALS graphs were gen- 
erated in IGOR (WaveMetrics) and assembled in 
Adobe Illustrator. Sequence alignments were gen- 
erated using MUSCLE and colored with ALSCRIPT 
(65, 66). Electrostatic potentials were calculated with 
APBS (Adaptive Poisson-Boltzmann Solver) soft- 
ware (67). All structural figures and movies were 
generated using PyMol (www.pymol.org). 
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Crystallographic capture of a radical 
S-adenosylmethionine enzyme in the 
act of modifying tRNA 


Erica L. Schwalm,’* Tyler L. Grove,’* Squire J. Booker,””?+ Amie K. Boal»?+ 


RimN is a dual-specificity RNA methylase that modifies C2 of adenosine 2503 (A2503) 
in 23S rRNA and C2 of adenosine 37 (A37) in several Escherichia coli transfer RNAs 
(tRNAs). A related methylase, Cfr, modifies C8 of A2503 via a similar mechanism, 
conferring resistance to multiple classes of antibiotics. Here, we report the x-ray structure 


of a key intermediate in the RIMN reaction, in which a Cys 


118_,Ala variant of the protein is 


cross-linked to a tRNA°" substrate through the terminal methylene carbon of a formerly 
methylcysteinyl residue and C2 of A37. RimN contacts the entire length of tRNA", 
accessing A37 by using an induced-fit strategy that completely unfolds the tRNA 
anticodon stem-loop, which is likely critical for recognition of both tRNA and 


ribosomal RNA substrates. 


ImN is a radical S-adenosylmethionine (SAM) 
enzyme that is best known for catalyzing 
the methylation of C2 of adenosine 2503 
(A2503) (1-3) in domain V of 23S ribosom- 
al RNA (rRNA). A2503, a conserved nucle- 
otide, resides in the peptidyltransferase (PTC) 
center of the ribosome near the entrance to the 
exit channel for the nascent polypeptide (4-7). 
C2 modification is not essential but has been re- 
ported to enhance translational fidelity (8, 9). 
A2503 is also methylated at C8 by Cfr, which is 
both evolutionarily and mechanistically related 
to RlmN (JO, 11). The C8 modification, however, 
confers resistance to more than five classes of anti- 
biotics that target the bacterial ribosome (12-15). 
Although methylation of C8 of A2503 is the only 
known in vivo activity of Cfr, RlmN also installs 
a C2 methyl group at adenosine 37 (A37) in six 
Escherichia coli tRNAs (tRNA*" cq, tRNA“? gue, 
tRNAC annmssuuG TRNAS" cyg, TRNAS nmssoUUC 
and tRNA™ 4g) (16). RimN thus joins a pseudo- 
uridine synthase, RluA, as the only known dual- 
specificity RNA modification enzymes capable of 
acting both on rRNA and on tRNA (i7, 18). 
Although SAM is the source of the appended 
methyl carbon in the reactions catalyzed by RimN 
and Cfr, these enzymes operate via a mechanism 
that is distinctly different from that of typical 
SAM-dependent methyltransferases (fig. S1), as 
demanded by the inertness of the C2 and C8 
carbons of adenosine to electrophilic attack and 
the low acidities of their associated protons 
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(3, 19-23). As radical SAM (RS) enzymes, RlImN 
and Cfr use very similar radical-based mechanisms 
of catalysis, initiated by the abstraction of a hydro- 
gen atom (H-) from a Cys-appended methyl group 
via a 5’-deoxyadenosyl 5'-radical (5'-dAs) (20). Sub- 
sequent attack of the resulting methylene radical 
on the carbon atom undergoing methylation af- 
fords a protein/RNA cross-linked intermediate 
whose resolution requires prior proton abstrac- 
tion from C2 (RlmN) or C8 (Cfr) of the substrate 
by an unidentified base. This intermediate has been 
trapped via mutagenesis of a key Cys residue (C118 
in RlmN) in the Cfr and RlmN reactions and 
characterized by spectroscopic (21, 24), proteo- 
mic (25), and biochemical methods (20, 21, 24, 25). 
Conversion of the intermediate to the methylated 
product has also been demonstrated in the Cfr 
reaction (27). Although x-ray structures exist for 
RimN in the presence and absence of SAM (24, 26), 
the large and conformationally flexible nature of its 
rRNA target has precluded successful structure 
determination of an enzyme-substrate complex. 
Here, we take advantage of our current mecha- 
nistic understanding of the system to obtain an 
x-ray crystal structure of a C118A variant of RImN 
cross-linked to an RNA substrate. (Single-letter 
abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr. In the mutants, other amino 
acids were substituted at certain locations; for 
example, C118A indicates that cysteine at posi- 
tion 118 was replaced by alanine.) 

Studies by Grove et al. (20) and McCusker et al. 
(25) showed that the C118A or C118S variants of 
RimN are unable to resolve a covalent protein/ 
RNA intermediate during catalysis and become 
cross-linked to the nucleic acid when overproduced 
in E. coli. Because those studies predated the recog- 


nition that RImN is responsible for methylation of 
tRNA in E. coli (16), it was assumed that the 
protein was cross-linked to a fragment of 23S 
rRNA. However, when the cross-linked enzyme 
was isolated by means of ion-exchange chroma- 
tography (fig. S2), observation of a distinct RNA- 
containing protein fraction suggested that the 
enzyme was cross-linked to a homogeneous RNA. 
Diffraction-quality crystals of the in vivo cross- 
linked species yielded x-ray data sets to 2.9 A 
resolution, and the structure was solved by molec- 
ular replacement using a previously published 
RimN structure (PDB accession code 3RFA) (table 
S1). Surprisingly, the electron density most closely 
resembled tRNA“ rather than the expected rRNA 
fragment (fig. S3A) (76). 

Each of the tRNAs expected to be modified by 
RimN (J6) were generated by means of in vitro 
transcription, and tRNA“ and tRNA“® support 
the greatest turnover rate in activity assays (fig. 
$4). The structure of transcribed tRNA" cross- 
linked to purified RImN C118A (termed the in vitro 
cross-link) was solved to 2.4 A resolution (Fig. 1). 
Positive difference density was observed between 
the terminal methylene unit of mCys*” and C2 of 
A37 (Fig. 2A), but modeling the interaction as a 
carbon-carbon bond fully accounts for the elec- 
tron density, confirming the presence of a co- 
valent adduct. Remarkably, methionine (Met) and 
5'-deoxyadenosine (5’-dA) remain visible in the 
active site, even in the in vivo structure, suggest- 
ing that they dissociate after the methylated 
RNA is released (Fig. 2B). In the absence of the 
RNA substrate, mCys*® resides near the SAM 
methyl group, cited as ideal for methyl acquisi- 
tion from the cosubstrate (26) but relatively far 
(~6 A) from the site of 5’-dAe formation (Fig. 2C). 
Interaction with tRNA, however, brings the Cys- 
appended methyl group within 4.1 A of C-5' of 
the SAM cleavage product, which is appropriate 
for He abstraction (Fig. 2B). An extended water- 
mediated hydrogen-bonding network (fig. S5) 
between the backbone of the loop and A37 of 
the substrate facilitates the 5 A shift in the mCys””” 
loop. Structural features specific to adenine, such 
as N3 and the exocyclic amine (Fig. 2D), provide 
a basis for selective recognition of the target base. 
Because these interactions would ensure speci- 
ficity for reaction with C2, Cfr may use a different 
strategy to configure the analogous Cys for C8 
methylation. 

Recent mechanistic studies suggest that reso- 
lution of the covalent cross-link requires prior de- 
protonation at C2, possibly by C118 (fig. SI) (24). 
The cross-linked structure shows A118 pointed 
directly at C2 of A37, 3.7 A away, supporting 
assignment of C118 as the general base (Fig. 2E). 
Upon deprotonation of C2, radical fragmentation 
of the C-S bond would generate a thiyl radical 
and an enamine, which can tautomerize to the 
methylated product upon return of the C2 pro- 
ton initially abstracted by C118. Catalysis is then 
completed through reduction of the thiyl radical 
by one electron. According to the structure of the 
cross-linked species, the thiyl radical would be 
~9.9 A away from the nearest iron ion in the 
cluster, which is consistent with direct electron 
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Fig. 1. The xray crystal struc- 
ture of the RimN C118A- 
tRNA“" in vitro cross-link. (A) The 
C118A RimN protein is shown as a 
ribbon diagram, colored by domain, 
and the tRNA@" js illustrated in purple. 
The mC355-A37 cross-link and SAM 
cleavage products, 5'-dA and methionine, are shown in stick format and colored by atom 
type. The [4Fe-4S]°* cluster is shown as a space-filling model. (B) A schematic diagram 
of the interactions between RImN and the tRNA substrate. Protein residues shown in 
blue interact via the side chain, and those shown in purple interact through the peptide 
backbone. Blue stars represent water molecules. The RNA is divided into three parts corresponding to the three regions of interaction observed in the complex. 


“~\ 8, 
“ss  tRNASY 


Anticodon Stem-Loop Region 


Fig. 2. Views of the active site in the structure 
of the RimN C118A-tRNA“" in vitro cross-link. 
(A) A zoomed-in view of mC355 and A37 with se- 
lected residues and cofactors shown in stick format 
and colored by atom type. A 2F,-F, electron density 
map (gray mesh, contoured at 2.00) and an omit 
map (green mesh, contoured at 4.0c) for the cova- 
lent bond between A37 C2 and the mCys*°® Cs are 
shown in overlay. (B) 2F,-F. electron density map 
for RlmN residues 125 to 132 (CX3CX2C motif, 
which binds the [4Fe-4S] cluster), the [4Fe-4S] cluster, 
methionine, and 5’-dA. The distance between the 5’- 
carbon of 5’-dA to the mC355 Cé, which is consis- 
tent with Hs abstraction via a 5’-dA* necessary to 
initiate cross-link formation, is indicated by a dashed 
ine. (©) Overlay of loop from the wild-type RImN 
x-ray structure with SAM (white, PDB accession 
code 3RFA) with the RImN C118A in vitro cross- 
ink (blue), illustrating the 5 A shift in position of 
the loop backbone upon interaction with the tRNA 
substrate. Selected amino acid side chains, nucleic 
acid bases, 5’-dA, and methionine are shown in 
stick format. The [4Fe-4S] cluster is illustrated as a 
ball-and-stick model. (D) A detailed view of the inter- 
actions involved in loop repositioning. Hydrogen- 
bonding interactions are illustrated with dashed 
lines, and ordered water molecules are shown as 
red spheres. (E) A zoomed-in view of the loop 
containing mC355 with the covalent cross-link to 
C2 of A37 shown in sticks. The distance between C2 
of A37 and A118, which is consistent with assign- 
ment of C118 as a proton acceptor in the wt RlmN 
reaction, is indicated by a dashed line. (F) An alter- 
nate view of the active site with the conserved 
MGMGE motif and other selected amino acids displayed in stick format. Interactions potentially important in thiy! radical stabilization or in electron transfer 
mediated by the [4Fe-4S]!* are shown as dashed lines. 
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Fig. 3. Selected views of the interactions between RImN and tRNA“, (A) An illustration of a surface 


representation of RImN showing its interaction with the tRNA anticodon stem-loop (purple). (B) A com- 
parison of the structure of the anticodon stem-loop in the C118A RIMN tRNAS" cross-linked intermediate 
structure (purple) with the yeast tRNA’ structure (white, PDB accession code 4TNA). (C) A zoomed-in 
view of R206 with G29 and C41. Selected amino acid residues and nucleic acid bases are shown in stick 
format. Hydrogen-bonding interactions are displayed as dashed lines. (Inset) The rate of formation of 
m’adenosine by RImN R206A using an in vitro—transcribed 155-oligomer rRNA (green circles) or tRNAC™ 
(purple triangles) as a substrate. (D) A zoomed-out view of the position of R206 in relation to the mC355/ 
A37 cross-link and other active site components. The [4Fe-4S] cluster is illustrated as a space-filling model. 
(E) A view of the interactions of K305 with C32, C36, and C38. (F) The internal binding pocket of C38. The 
Mg** ion is shown as a green sphere, and ordered water molecules are shown as red spheres. Hydrogen- 
bonding and metal-coordination interactions are shown as dashed lines. 


transfer between the two species. The proximity 
(5.0 A) of the Cys®®® side chain (the proposed site 
of thiyl radical formation) to the sulfur atom of 
Met" (Fig. 2F), a strictly conserved residue in 
RimN and Cfr, might allow formation of a tran- 
sient thiosulfuranyl radical (27). In E. coli class III 
ribonucleotide reductase (RNR), a similar species 
is proposed to protect a reactive thiyl radical in- 
termediate when reducing equivalents necessary 
to complete the reaction cycle are scarce (27). A 
similar interaction could be advantageous in 
RlmN if electron transfer to resolve the cross- 
linked intermediate is rate-limiting in vivo. 
The protein component of the in vitro cross- 
link changes very little relative to that of the in 
vivo cross-link, as well as when compared with 
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the previously solved structures of RlmN (Fig. 1A 
and figs. S3 and S6) (26). The protein-nucleic 
acid interface spans the entire face of tRNAS™ 
using three separate regions or domains (Fig. 1B 
and figs. S7 and S8). The N-terminal domain, 
hypothesized to bind RNA because of its struc- 
tural similarity with known nucleic acid-binding 
proteins (26), uses only four points of contact 
to interact with the backbone at the 3’ end of 
tRNAS™ (fig. S8). The small number of substrate- 
binding determinants is surprising, although the 
domain may interact more extensively with the 
larger rRNA substrate. Additional residues in 
the N-terminal domain (K47 and H51) and a side 
chain (D198) contributed by a longer peripheral loop 
in the radical SAM core bind to the RNA backbone 


in the major groove of the D-stem of the tRNA 
(nucleotides 10 to 12) (fig. S8). RImN binds the 
concave surface of the substrate, suggesting that 
it requires full-length L-shaped tRNA for efficient 
catalysis. Other structurally characterized tRNA- 
modifying enzymes share the same requirement 
(28), but the overall binding mode and type of RNA 
recognition elements found in RlmN more closely 
resemble those of tRNA synthetases (29) (fig. S9). 

The most extensive RImN-tRNA interactions 
involve the anticodon stem-loop (ACSL) of tRNAc" 
near A37. The protein binds in the minor groove 
of the ACSL (Fig. 1A) and interacts more inti- 
mately with the nucleobases (Fig. 1B). Only a few 
sequence-specific contacts are observed—which 
is typical of ruler or position-specific RNA recog- 
nition strategies found in other tRNA modifica- 
tion systems (28, 30)—which would enable RImN 
to accommodate the substantial sequence diver- 
sity of its tRNA substrates (16) in addition to its 
rRNA substrate (3). A strictly conserved arginine 
(R206) residue and G29 of tRNAS™ (Fig. 3C), found 
in all six Z. coli tRNAs containing the mA modi- 
fication (16), form sequence-specific bidentate hy- 
drogen bonds (H-bonds) between the exocyclic 
amine and N7 of G29, similar to an interaction 
found in the discriminating glutamyl-tRNA syn- 
thetase, in which a single arginine-cytosine inter- 
action allows the tRNA synthetase to distinguish 
between tRNA“ and tRNAS"™ (31). In R206A 
RimN, the ability to methylate tRNAS™ is com- 
pletely abolished, whereas methylation of a 155- 
oligomer rRNA substrate remains unaffected (Fig. 
3C, inset). R206 may serve as an anchor for the 
tRNA substrate (Fig. 3D) to initiate base-flipping 
of A37 into the active site via an unusual mech- 
anism that involves dramatic deformation of the 
ACSL backbone. 

The ACSL conformational change is induced 
by an RlmN-specific secondary structure element 
(26), a seventh B-strand that forces an outward 
splay of all of the non-Watson-Crick base-paired 
residues in the ACSL (Fig. 3, A and B). As a result, 
A37 is sequestered into an active site pocket using 
a distinctive base-flipping mechanism (32) that com- 
pletely disrupts the single-strand aromatic base 
stack in the ACSL. A similar tactic is observed in 
other tRNA-modifying enzymes, including bacte- 
rial adenosine deaminase (TadA) (33) and A37 N*- 
isopentenyltransferase (MiaA) (fig. S10) (34). Apart 
from A37 (fig. S13), C38 makes the most extensive 
contacts in the active site (Fig. 3, E and F). The use 
of distinct complementary binding pockets for 
multiple bases in the ACSL resembles the sub- 
strate recognition strategy used by bacterial Gln 
tRNA synthetase to read out the sequence in the 
anticodon and discriminate among potential tar- 
gets (35). However, in RlmN the C38 binding pocket 
is not base-specific. The observation is consistent 
with the sequences of the known targets for A37 
C2 methylation, which would require accommo- 
dation of any nucleobase at position 38 except G 
(16). In RlmN, the additional C38 pocket may sim- 
ply stabilize the new tRNA conformation in this 
region and promote extrusion of A37. 

The structure of RimN cross-linked to a tRNAS™ 
substrate reveals that the protein recognizes the 
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overall shape of tRNA°" via interaction with the 
sugar-phosphate backbone in the D-stem-loop 
and the 3’ end of the tRNA. The observed anal- 
ogies to tRNA synthetase structures, coupled with 
the known dual specificity of the enzyme toward 
A2503 in the central domain of 23S rRNA, provide 
a link between RImN and three distinct compo- 
nents of the protein synthesis machinery, suggest- 
ing an early origin for A37/A2503 C2 methylation 
among known RNA modifications. In the ACSL 
region, the enzyme pries open the tRNA structure 
to gain access to its A37 nucleobase target. The 
recognition strategy is fully distinct from that used 
by RluA, the only other known dual-specificity 
RNA modification enzyme (17). In that system, 
sequence elements conserved among rRNA and 
tRNA substrates dictate specificity, although the 
protein also relies on local RNA refolding for 
readout of the key motifs. The ability of RImN 
to substantially remodel tRNA in the anticodon 
region may represent a second mechanism to con- 
fer dual specificity. The observations here high- 
light an intriguing structural connection between 
tRNA and the core of the bacterial ribosome (36), 
a theme that RlmN likely exploits in targeting two 
distinct substrates that exhibit little sequence sim- 
ilarity but share tertiary features common to evo- 
lutionarily ancient components of the protein 
synthesis machinery. 
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INTERSTELLAR DUST 


Flux and composition of interstellar 
dust at Saturn from Cassini’s Cosmic 


Dust Analyzer 
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Interstellar dust (ISD) is the condensed phase of the interstellar medium. In situ data from 
the Cosmic Dust Analyzer on board the Cassini spacecraft reveal that the Saturnian 
system is passed by ISD grains from our immediate interstellar neighborhood, the local 
interstellar cloud. We determine the mass distribution of 36 interstellar grains, their 
elemental composition, and a lower limit for the ISD flux at Saturn. Mass spectra and grain 
dynamics suggest the presence of magnesium-rich grains of silicate and oxide 
composition, partly with iron inclusions. Major rock-forming elements (magnesium, silicon, 
iron, and calcium) are present in cosmic abundances, with only small grain-to-grain 
variations, but sulfur and carbon are depleted. The ISD grains in the solar neighborhood 
appear to be homogenized, likely by repeated processing in the interstellar medium. 


ost of the presolar dust grains, contain- 
ing the heavy elements from which the 
planets formed, were destroyed or heav- 
ily processed during the first stage of solar 
system formation. Although a minor pop- 
ulation of presolar grains, recognized by their 
extremely diverse isotopic composition, survived 
this process in meteorite parent bodies (J), it is 
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completely unknown whether those grains are 
representative of the grain populations in the in- 
terstellar medium (ISM) (2-4). Interstellar dust 
(ISD) from the local interstellar cloud (LIC) is in- 
jected into the solar system as a highly directional 
stream nearly aligned with the ecliptic (heliocen- 
tric ecliptic longitude/latitude of '79°/-8°) (2, 5). 
This LIC-ISD flow was first detected in situ by the 
dust instrument onboard the Ulysses spacecraft 
(6) and has been monitored using a variety of dust 
detectors at solar distances ranging from 0.3 to 5 
astronomical units (AU) (5, 7-1D. In situ sampling 
of the ISD flow was attempted by the Stardust 
mission, and recent laboratory analyses of the 
aerogel collectors have revealed three tracks caused 
by ISD impactors, of which two showed an ISD 
end particle and the third residuals on the track 
walls. Elemental residues were also found, prob- 
ably of ISD origin, in four impact craters in the 
aluminum foil collectors (72). The Cassini space- 
craft has been in orbit around Saturn since 2004, 
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carrying the Cosmic Dust Analyzer (CDA), whose 
chemical analyzer (CA) subsystem acquires time- 
of-flight (TOF) mass spectra of dust particles, 
revealing the grains’ elemental composition (13). 
Primarily designed to study the dust populations 
native to the Saturnian system, Cassini CDA has 
also proven to be an in situ observatory for dust 
from beyond Saturn. In this work, we present the 
result of the analysis of 10 years of Cassini CDA 
data (mid-2004 until 2013), revealing the faint but 
distinct signature of LIC-ISD in the largely domi- 
nant background of Saturn’s E ring water-ice par- 
ticles originating from Enceladus (74). 


Flux, mass distribution, direction, and 
dynamics of ISD grains at Saturn 


We identify a total of 36 ISD grains within a 
distance of 9 to 60 Saturn radii from the planet, 
characterized by their high entry speed into the 
Saturnian system, from a direction compatible 
with the expected LIC-ISD flow at Saturn (Fig. 1). 
Both the cumulative radial and temporal distri- 
bution of the ISD grain detections at Saturn can 
be reproduced if the ISD grains in the observed 
mass range account for an average flux of 1.5 x 
10 *m~s"| corrected for Saturn’s motion (Fig. 2) 
(see the supplementary materials). The time pe- 
riod covered by our analysis was particularly 
favorable to ISD detection at Saturn. From 2004 
onward, Saturn was moving toward the ISD down- 
stream direction, gradually increasing the relative 
flux, which peaked in 2010 when Saturn’s velocity 
vector direction was aligned to the ISD upstream 
direction (75). Moreover, in 2010 there was a strong 
focusing of the smaller particles by the Lorentz 
force resulting from the relative particle motion 
with the interplanetary magnetic field (IMF) (16). 
The ISD stream is well collimated around the 
reference ISD direction, within the uncertainty 
of the impact direction measurement of 28° 
(Fig. 2 and supplementary materials). From the 
measured impact ion charge amplitude and model- 
ing of the grain dynamics, we derived the mass as 
well as the radiation pressure-to-gravity ratio (B) 
for each grain (see the supplementary materials). 
The method used allows for a mass derivation in- 
dependent of any assumption on B. The mass dis- 
tribution and 8 ratio are plotted on Fig. 3. The mass 
distribution peak is located at ~10~"” kg, with a 


Fig. 1. Minimum speeds inferred from TOF mass 
spectra. Plotted are the minimum speeds of non- 
water dust grains coming from within 50° of the 
reference ISD direction (see the methods), with re- 
spect to Saturn as a function of the radial distance 
to Saturn. The color code indicates the total charge 
of the ions (ion yield) generated upon impact. The 
grains identified as ISD are plotted using an asterisk 
symbol. The plain and dashed lines in black indicate 
reference speeds with respect to Saturn as a func- 
tion of the radial distance: the speed on Keplerian 
bound circular orbits, the spacecraft speed aver- 
aged per distance bins over 2004 to 2013 (SC vel), 
and the theoretical speed of interplanetary parti- 
cles, depending on their injection speed at Saturn's 
Hill sphere (vjnj). (For comparison, see fig. S3.) 
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decrease in grain abundance above 10°'° kg 
and a sharp cutoff below 5 x 10" kg. The deficit 
of large grains (above 10 "° kg) is due to the lack 
of sensitivity of our ISD identification methods 
based on the TOF spectra, preventing us from 
detecting the largest ISD grains present in the 
Ulysses data (17, 18). 


Composition of ISD grains 


Figure 4 (upper panel) shows a typical mass spec- 
trum from an ISD grain. Owing to the high vel- 
ocity of ISD impacts (typically above 20 km/s), the 
energy densities upon impact are high enough to 
totally vaporize the solid grain and yield cation 
spectra that are clearly dominated by elemental 
ions rather than molecular ones. The main ele- 
mental cation peaks in all ISD spectra (going from 
lower to higher atomic masses) are carbon, oxy- 
gen, sodium/magnesium, potassium/calcium, iron, 
and rhodium. Rhodium, however, is not indige- 
nous to particles but is excavated from CA tar- 
get material, as well as a substantial fraction of 
the observed carbon that is contamination from 
the Rh target (19) (see the supplementary mate- 
rials). Owing to the relatively low mass resolution 
of the CDA, signatures of Na/Mg and K/Ca cannot 
be easily separated in most spectra. However, the 
positions of the maxima of the respective peaks 
indicate that Mg” and Ca* dominate the adjacent 
species in almost every ISD spectrum. Although 
not forming individual peaks, Al* and Si* are 
visible as an extended flank on the Mg signature. 
In one individual spectrum, cations of Cr are in- 
dicated. The Fe signature is very broad in every 
ISD spectrum; therefore, although not detectable, 
minor amounts of Ti, V, Mn, and Ni are possible. 
We use other nonwater spectra of particles from 
the ISD direction, which, however, do not fulfill 


the speed criterion for ISD selection (see Fig. 1), 
for comparison. These particles are hereafter 
called the reference group (see the supplementary 
materials). We compare on Fig. 4 (ower panels) 
the Mg*/Fe* line amplitude ratios and Mg*/Ca* 
line amplitude ratios of ISD grains with the ref- 
erence group. The compositional difference be- 
tween the ISD and the reference group is apparent 
at first glance. The ISD grains (i) are clearly com- 
positionally distinct from the reference group and 
ii) exhibit a very similar composition within their 
own group. 

To quantify the relative contributions of the 
major elements Mg, Si, Ca, and Fe in individual 
ISD particles, we applied the following procedure 
(for details, see the methods section of the supple- 
mentary materials): For each individual mass spec- 
trum, a model spectrum was calculated using a 
least-square fit procedure to obtain the relative 
contributions of ions of different elements, parti- 
cularly to deconvolve the Si peak from the Mg 
peak tail. Because all elements have a different 
probability to form cations (e.g., Mg forms cations 
five times more often than silicon), ion abundances 
were translated into element abundances by 
using appropriate relative sensitivity factors (RSFs) 
(supplementary materials) (20). Resulting element 
composition ratios are shown in Fig. 5 [ratios by 
weight % (wt %)]. It can be verified that Mg/Si, 
Fe/Si, Mg/Fe, and Ca/Fe ratios are on average 
CI chondritic (carbonaceous chondrite of type 
Ivuna whose composition is considered as a 
proxy of solar or cosmic element abundances) 
and similar to a composition inferred for LIC-ISM 
dust (21). For comparison, Fig. 5 (upper panels) 
shows both the range of elemental compositions 
for our ISD data and isotopically anomalous pre- 
solar stardust grains found in meteorites (22-28). 
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Those grains condensed in the outflows of asymp- 
totic giant branch (AGB) stars and supernovae 
and became part of the ISM before they were 
incorporated into the parental molecular cloud 
from which our solar system formed. 

No mass line in agreement with sulfur can 
be observed in any of the ISD spectra. Sulfur is 
considerably harder ionized than most metals, 
but it forms abundant cations at impact speeds 
exceeding ~9 km/s (29). Ascribing all ions de- 
tected between mass 31 and 34 to sulfur (al- 
though these ions do not form a distinct peak 
there; see Fig. 4) and using the minimum RSF 
of S for impact speeds between 20 km/s and 
30 km/s normalized to Fe by (29), we calculate an 
upper limit for the average S/Fe (atomic) ratio 
of 0.0952 + 0.101/- 0.077. This upper limit is con- 
sistent with the value computed for LIC-ISM dust 
of 0.097 + 0.058 (30). However, it is significantly 
lower than the CI chondritic ratio of 0.48. 

Carbon is another element that appears to be 
highly depleted in our ISD mass spectra. A sig- 
nificant carbon peak is present in all spectra, but 
figs. Sl and S2 show that a greater part of it is due 
to a well-known target contamination of the 
CDA (19). Only if we neglect target contamination 
and ascribe the entire carbon signal to impact- 
ing particles and if we furthermore assume very 
low detection efficiencies of carbon (see the sup- 
plementary materials’ section on carbon abundance), 
a quantification results in an average C/O atomic 
ratio of 0.32 + 0.25, which would be consistent 
with an LIC-ISM dust value of 0.32 + 0.29 (3). This 
value assumes a higher fraction of carbon in the 
gas phase, in contrast to an alternative value of 
0.81 + 0.55, which is calculated based on different 
solar photospheric abundances (3). It could well 
be, however, that only 10% or less of the carbon 
is indigenous to the particles (figs. S1, S2, and S6) 
and that we underestimate the carbon detection 
efficiency by an order of magnitude, which would 
lower the observed C/O ratio to <0.032—i.e., far 
below the ISM dust value. 


Discussion 


Our analysis shows that ISD grains from the local 
interstellar neighborhood of the solar system can 
reach the inner Saturnian system. Given the rel- 
ative insensitivity of the CDA’s CA for large grains, 
it is clear that the mass distribution derived is rep- 
resentative of the smaller grains only up to about 
5 x 10" kg. For the same reason, our flux value 
is a lower estimate, and the total flux accounting 
for the undetected large grains could be up to 
twice as large (3 x 10°* m~ s+). Our measure- 
ments suggest, therefore, that the ISD flux at Saturn 
(10 AU) is larger than the fluxes measured by 
Ulysses at distances up to 5 AU. It is likely that 
this larger ISD flux at Saturn is related to a focus- 
ing effect predicted for the grains as they interact 
with the IMF (J6) during our collection period, 
confirming that the ISD grains, in the size range 
covered by our study, have a nonzero charge-to- 
mass (q/m) ratio. 

The deficit of very small grains in our data, de- 
spite the sensitivity of our method that enables the 
detection of grains with masses as low as 10° kg, 
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Fig. 2. ISD flux and direction. Cumulative temporal and radial distance distribution of the ISD grain 
detections (black dotted-dashed lines on the upper and middle panels, respectively). The plain lines are the 
modeled distributions obtained by computing the number of ISD grains from the reference ISD direction 
with a flux of 1.5 x 10+ m-* s+ (see the methods section of the supplementary materials). The lower panel 
shows the distribution of the angles between the CDA boresight at the time of ISD grain detection and the 
ISD reference direction. The relative time spent in each angle bin over the time period 2004 to 2013 is 
indicated by the dashed line. Although the CDA spends most of the time pointing 30 or 40° away from the 
reference ISD direction, all except one ISD grain were detected within 20° of the reference ISD direction. 


can be explained by the filtering of such small 
grains at the heliopause and inner heliosphere 
(15, 31, 32). This phenomenon was also observed 
in the Ulysses ISD data (77). We confirm the exis- 
tence of grains with B > 1 with a maximum value 
reached between 10” and 10~° kg, in good agree- 
ment with the B-mass domains inferred from 
Ulysses data (3). 

The B-mass curve by itself cannot directly pro- 
vide the grain composition and structure unambig- 
uously but provides an independent consistency 
check of the compositional measurements by the 
CDA mass spectra. The B ratio quantifies the solar 
photon scattering efficiency and, combined with 
the grain mass, is a proxy for the grain compo- 
sition and structure (3, 16). Synthetic B-mass curves 
were computed using Mie theory for different 
grain models with bulk composition compatible 
with the measured TOF spectra and compared 
with the B-mass curve inferred from the grain dy- 


namics (Fig. 3). All models of grains considered 
for the B computation are amorphous but com- 
pact particles, by opposition to porous structures. 
For the size regime of less than a few hundred 
nanometers observed by the CDA, the assumption 
of compact particles is the most plausible one and 
is reasonably supported by our observations (see 
supplementary materials’ section on derivation 
of the B-mass curve). In contrast, larger ISD in the 
um regime are likely porous aggregates (33). Good 
agreement is found for silicate particles enriched 
with metallic Fe. In contrast, the B ratio of pure 
Fe-Mg silicates without metallic Fe enrichment 
cannot exceed unity, which is in disagreement with 
the high 8 ratio of most grains above 5 x 10°’ kg. 
As we find no indications for abundant organic 
material in CDA mass spectra, we conclude that 
at least some of the iron identified by the CDA has 
to be in metallic form. However, our upper limit 
for carbon does not exclude the presence of thin 
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organic mantles on the ISD grains causing an 
increase in the B ratio. Collecting ISD grains at 
Saturn allowed us to sample LIC dust at the 
largest heliocentric distance yet achieved in situ, 
reducing the amount of dynamical filtering as 
compared with former detections performed clo- 
ser to the Sun. In addition, the relative position of 
Saturn and the Sun, with respect to the ISD stream 
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over the time period considered in this work, per- 
mitted the detection of grains with a wide range 
of 8 values (16). We are therefore convinced that 
our compositional results are not significantly af- 
fected by a selection bias related to the grain 
dynamics in the solar system. 

All models of LIC-ISD grain composition thus 
far have been based on the ultraviolet (UV) spec- 


Fig. 3. ISD grain mass distribution and B-mass 
values. The dashed black line indicates the grain 
mass distribution. The individual 8 and mass values 
inferred for each ISD grain are plotted with error 
bars. A one order of magnitude error in the mass 
determination results from the mass-velocity cali- 
bration uncertainty (13). A maximum error of 0.2 
in the determination of 8 is applied for all grains. 
This maximum error takes into account a range of 
possible (B-dependent) velocity values. Theoretical 
B-mass values obtained using Mie theory compu- 
tations for amorphous grains with different com- 
positions and structures are indicated as plain and 
dashed lines. MgSiO3 only refers to composition 
and does not imply crystallinity. The gray rectangu- 
ar areas show the range of B-mass values inferred 
from the Ulysses ISD data (3). A structure with 
heterogeneous distribution of Fe and/or C is needed 
to explain the relatively high B values. 


Fig. 4. Typical CDA ISD TOF mass spectrum 
and comparison of ISD spectra with reference 
group spectra. The upper panel shows a typical 
impact ionization mass spectrum from an ISD grain. 
Vertical lines indicate the positions of relevant cation 
species. The x axis indicates the TOF needed by the 
cations to reach the ion detector (after triggering the 
event), from which the ion masses are derived. The y 
axis shows the amplitude of the electrical signal 
derived from the detected cations, a measure of their 
abundance. The ions of the main particle constitu- 
ents form the main peaks: Mg, Fe, Ca, and O. Si and 
Al are forming a distinct shoulder on the right flank of 
the Mg signature. The Rh peak is from the CDA’s 
impact target made of rhodium. To convert the ion 
abundance into elemental abundance, RSFs have to 
be applied (see the methods). In the lower panel are 
shown the ratios of cations observed in ISD spectra 
(upper panels) and spectra of the reference group 
(lower panels). The narrow distributions observed in 
ISD spectra suggest that ISD grains have a similar 
composition. 


tra measurements of absorption lines of C, N, O, 
Mg, Al, Si, S, and Fe in the gas phase of the LIC 
along the lines of sight toward nearby stars (2, 3, 34). 
These models assume that the element total abun- 
dance corresponds to cosmic abundances derived 
from the solar photosphere composition and that 
an element depletion in the gas results from its 


incorporation into dust grains. Most of these 
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studies suggest dust populations with different 
compositions: a Mg-rich silicate population, a 
carbon-rich population, Fe-rich dust (possibly 
oxides), and an Al-rich group (possibly corundum). 
A model of ISD grains in the general ISM (35, 36) 
proposes a core of silicate composition and an 
organic mantle remaining after UV radiation of 
ices. A more detailed mineralogical model was 
proposed (3), with grains made of a core of Mg- 
rich olivine and pyroxene composition and iron- 
bearing metallic inclusions (like kamacite), coated 
by an organic refractory mantle containing CHON- 
bearing material. 

Our in situ detection of ISD provides con- 
straints on these models. First of all, the average 
composition of our Mg, Si, Ca, and Fe data is in 
general consistent with the observation that these 
elements are fully condensed from the gas that 
forms the LIC, resulting in cosmic (CI chondritic) 
element abundances (Fig. 5), and that particles of 
silicate composition dominate the LIC-ISD pop- 
ulation. More important, our data demonstrate 
that compositional homogeneity extends down 
to small spatial scales of 200 nm—i.e., the grain 
size of the ISD particles observed by the CDA. 
All grains contain these silicate-forming elements, 
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and individual grain-to-grain variations are limited 
(see Figs. 5 and 6; note that some, if not most, of 
the scatter of our data is due to stochastic un- 
certainties of the impact ionization of the CDA). 
In the investigated size regime, there are no in- 
dications of other, compositionally diverse ISD 
populations such as pure Fe-O grains or pure car- 
bonaceous particles. The absence of the latter 
was already suggested by (34, 37). Although we 
cannot entirely rule out their existence in the 
LIC, such populations do not appear to repre- 
sent more than an upper limit of 3 x nee = 10% of 
the ISD grains observed by the CDA penetrating 
into the solar system (assuming Poisson statistics 
for the error on the number of ISD grains de- 
tected). The depletion of carbon and sulfur inferred 
from the gas-absorption spectra of the LIC indi- 
cates loss of these compounds from ISD grains. 
The most plausible explanation is that volatile 
sulfur and carbon are incompletely condensed 
under conditions applicable for the LIC. In this 
respect, it should be noted that Mg/Si and Fe/Si 
ratios are slightly higher than cosmic abundances 
and could indicate a small deficit of Si, which is 
more volatile than the other major rock-forming 
elements Mg or Fe. The process responsible for 
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the loss of these volatile substances needs further 
clarification. 

Only the Stardust mission has previously pro- 
vided insights into the composition of contempo- 
rary interstellar dust crossing our solar system, 
with material collected in aerogel and extracted 
from four impact craters resulting from ISD im- 
pacts in the aluminum foil collectors (72, 38, 39). 
The sizes of these impact craters between 0.28 
and 0.46 um imply particles of similar sizes as 
those observed with the CDA (72). The inferred 
bulk particle composition is in agreement with 
our results, except for the presence of sulfide in 
three of the four craters (39), whereas there is no 
indication of sulfur in CDA ISD mass spectra. 
Three particles were collected in aerogel; two of 
them—Orion and Hylabrook—yielded compo- 
sitional data (39) that allow a comparison in Fig. 
5. Although Mg/Fe ratios are within the range 
of the CDA’s ISD particles, the Mg/Si and Fe/Si 
ratios are significantly higher—i.e., the Stardust 
ISD particles are depleted in Si with respect to 
cosmic abundances. It should be kept in mind, 
however, that Orion and Hylabrook are much 
larger and perhaps porous particles, so that the 
formation mechanisms and the particles’ chemical 
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Fig. 5. Comparison of element wt % ratios in CDA ISD grains with chon- 
dritic and presolar material. Mg/Si, Fe/Si (lower panel, left side) and Mg/Fe, 
Ca/Fe ratios (lower panel, right side) are shown for ISD grains (blue squares). 
The elemental ratios given by the x axis of each lower panel also apply to the 
upper panels. The average composition (large blue square) is compatible 
with Cl chondrites (yellow triangle), indicating average cosmic element abun- 
dance ratios, and is also compatible with LIC-ISD composition from astro- 
nomical observations (green triangle). Limited compositional variation is 
possible, but at least part of this scatter is due to the detection method. For 
comparison, we analyzed compositional data of 388 presolar circumstellar 
dust grains, which were obtained by Auger spectroscopy (22-28). Grains of 
silicate composition [i.e., with atomic ratios of (Fe+Mg+Ca)/Si < 2.2] are 
shown. Histograms for Mg/Si and Mg/Fe (upper panels) demonstrate 
their larger scatter and more heterogeneous composition compared with the 
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ISD grains of this study. For low Ca presolar silicate grains (gray diamonds), 
the Ca/Fe values are upper limits, assuming the detection limit as Ca 
abundance; hence, the true scatter of the presolar silicate grains in Ca/Fe 
is actually larger. The smaller scatter of the LIC-ISD grain population in this 
study indicates that they represent a secondary population that was de- 
rived by processing and homogenization in the ISM from a primary, more 
heterogeneous circumstellar grain population. Also shown are typical com- 
positions of silicates like forsterite (Fo90Fal0), fayalite (Fa9OFol0), and 
Mg-rich clino- and orthopyroxene (CPx and OPx) from a primitive mantle 
lherzolite (20), again emphasizing that the LIC-ISD grains represent aver- 
age compositions rather than mineral end-member compositions. Two data 
points are shown for the Orion and Hylabrook particles returned by the 
Stardust mission: Although Mg/Fe is largely compatible with our ISD data, 
MgZSi is significantly higher. 
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history might not be directly comparable to 
our data. 

Our results can also be compared with elemen- 
tal compositions of interstellar grains preserved 
in 4.6-billion-year-old meteorites (Fig. 5). These 
interstellar grains survived processing in the pro- 
toplanetary disc when our solar system formed 
and consist of compositionally diverse popula- 
tions. Their specific isotopic compositions reflect 
the nucleosynthetic processes of their host stars 
at the time, when these grains condensed in the 
outflows of the parental AGB stars or supernovae. 
Analysis of the inventory of presolar grains in me- 
teorites indicates that the main population is 
silicates (e.g., olivine and pyroxene), with minor 
contributions (i.e., a few percent) of oxides (e.g., 
corundum and hibonite) and carbonaceous grains, 
mainly silicon carbide (40), with an abundance 
of >20%, possibly up to 50%. 

The upper panels of Fig. 5 show histograms of 
Mg/Si and Mg/Fe ratios of presolar silicate pop- 
ulations and our ISD data. It can be verified that 
the scatter of elemental compositions of presolar 
silicates is about a factor of 2 larger (on loga- 
rithmic scales) compared with the CDA ISD data. 
Figure 6 additionally displays (Mg+Fe+Ca)/Si 
ratios (atom %): Although the presolar grain 
population has a maximum between pyroxene- 
and olivine-type silicate composition with values 
between 1 and 2, our ISD grain population cen- 
ters between 2 and 3, similar to LIC-ISM dust 
composition inferred from astronomical obser- 
vations (37). Such values can be explained by the 
presence of either Mg, Fe, or Ca oxides or me- 
tallic Fe. These phases occur also in the Orion and 


Hylabrook ISD particles, which also have high 
(Mg+Fe+Ca)/Si ratios. For the Stardust ISD res- 
idues on Al foils, only one particle yielded a 
quantifiable bulk value of 3.3, whereas for the 
remaining residues, the bulk values could not 
be constrained because of the uncertain propor- 
tions of silicates and Fe metal and sulfide. 
These observations indicate that the major 
population of dust grains in the ISM is different 
from pristine circumstellar stardust. A more homo- 
geneous composition concerning Mg/Si or Mg/Fe 
can be explained by destruction, recondensation, 
and equilibration processes in the ISM that homo- 
genize an initially diverse population that started 
as circumstellar dust. This could also explain the 
observation that the high Mg end of the presolar 
silicate population in Fig. 5 (which are crystalline 
circumstellar olivine grains) is missing in the Cas- 
sini ISD data: Grain destruction and reconden- 
sation will wipe out the high Mg tail and result 
in a very low fraction of crystalline ISM grains. 
The same conclusion arises from the nondetec- 
tion of SiC in our ISD population, because SiC 
is not expected to condense in the ISM. Among 
presolar grains, Sic—condensed in circumstellar 
atmospheres—should have a 20 to 50% abun- 
dance. The 20% estimate is a lower limit, because 
many meteorites have a SiC/silicate ratio that is 
higher than 1:5, although this is ascribed to pref- 
erential metamorphic destruction of silicates on 
meteorite parent bodies. On the other hand, mod- 
el calculations of circumstellar dust (4) also 
yield relatively high values for the SiC/silicate ra- 
tio. The probability of detecting 36 silicates (and 
no SiC) among a mixture of 80% silicates and 
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Fig. 6. Comparison of (Mg+Fe+Ca)/Si ratio histograms (in atom %) of CDA ISD grains, preso- 
lar circumstellar material, LIC-ISD determined by astronomical observations, and ISD returned 
by the Stardust mission. Presolar grains have a maximum at a silicate composition intermediate 
between pyroxene and olivine and a tail to high values caused by a bias (overabundance) of refractory 
oxides. LIC-ISD values center between 2 and 3. Such high values are caused either by oxides or by 
metallic Fe, phases that have also been observed in the Stardust particles Orion and Hylabrook. The 
presolar circumstellar grain population is biased; for example, there is possibly selective loss of amorphous 
grains or a higher fraction of resistant oxides due to metamorphic destruction on asteroids or comets. 
Nevertheless, it is highly unlikely that the presolar grain population initially had a distribution similar to our 
ISD data: In this case, the presolar population should have lost primarily the oxide or metal component, 
which is, however, unlikely, as oxides are rather more resistant against metamorphic destruction. 
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20% SiC is as low as 0.03%, and 5% (i.e., below 
the 2-sigma confidence level) for an 8% SiC abun- 
dance. Destruction and recondensation of grains 
in the ISM are supported by observations show- 
ing that, in the diffuse ISM, the most condens- 
able (atomic mass >23) elements are depleted in 
the gas phase and hence bound in solids, whereas 
the average lifetime of interstellar grains against 
destruction by supernova shocks (about 0.5 billion 
years) is much shorter than the average residence 
time of matter in the ISM (2.5 billion years) (4). 
During this residence time, ISD grains frequently 
cycle between the hot ISM (low-density regions 
carved by supernovae), the warm diffuse medium 
(accessible by spectroscopic observations), and 
cold molecular clouds, which are star-formation 
regions. Under the assumption that typically 5% 
of molecular cloud material is consumed by new 
stars and planetary systems, interstellar grains 
cycle on time scales of ~125 million years between 
the hot medium and the cold medium. Although 
destruction and devolatilization processes prevail 
in the hot medium due to high grain velocities 
and supernova shock waves, recondensation can 
occur in the cold medium. 

Our results indicate that a homogeneous 
population of grains with roughly average cosmic 
abundances (concerning Mg:Si:Ca:Fe ratios), pos- 
sibly including metallic nanophase iron, is the 
primary constituent of the LIC-ISD, emphasizing 
the importance of recondensation processes (4, 37). 
A further implication is that searches for pre- 
solar interstellar grains in meteorites led by iso- 
topic anomalies are likely to miss a population 
that recondensed in the ISM, because destruc- 
tion and recondensation of solids would erase iso- 
topic anomalies. Hence, a considerable fraction of 
yet unrecognized—isotopically inconspicuous— 
ISD could reside in meteorites and cometary ma- 
terial awaiting its discovery [see, for example, the 
discussion in (41, 42)]. 
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MOLECULAR MAGNETISM 


Magnetic remanence in single atoms 


F. Donati,’ S. Rusponi,' S. Stepanow,” C. Wackerlin,’ A. Singha,’ L. Persichetti,” 
R. Baltic,’ K. Diller, F. Patthey,! E. Fernandes,’ J. Dreiser,’* Z. Sljivanéanin,*” 
K. Kummer,® C. Nistor,” P. Gambardella,”* H. Brune’* 


A permanent magnet retains a substantial fraction of its saturation magnetization in the 
absence of an external magnetic field. Realizing magnetic remanence in a single atom 
allows for storing and processing information in the smallest unit of matter. We show that 
individual holmium (Ho) atoms adsorbed on ultrathin MgO(100) layers on Ag(100) exhibit 
magnetic remanence up to a temperature of 30 kelvin and a relaxation time of 1500 
seconds at 10 kelvin. This extraordinary stability is achieved by the realization of a 
symmetry-protected magnetic ground state and by decoupling the Ho spin from the 


underlying metal by a tunnel barrier. 


he search for the ultimate size limit of mag- 
netic information storage, and the aim of 
exploring magnetic quantum properties for 
information processing, have driven funda- 
mental research toward atomic-scale structures 
that contain fewer and fewer atoms. Benchmarks 
for such systems are long magnetic relaxation 
times, ie., magnetic quantum states that are sta- 
ble on the time scales required for storage or 
quantum computation. Single-molecule magnets 
(/-6) are promising candidates as they are chem- 
ically robust in ambient conditions and exhibit 
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magnetic bistability at cryogenic temperatures, 
with a record relaxation time of 100 s at 13.9 K 
for N,” radical-bridged dilanthanide complexes 
in the bulk phase (6). Further reducing the num- 
ber of constituent atoms in such systems, however, 
implies removing the organic ligands, thereby 
bringing the magnetic core in direct contact with 
a surface. Presently, the smallest magnets are anti- 
ferromagnetic Fe,, double chains (7) and ferro- 
magnetic Fe, clusters (8) supported on nonmagnetic 
surfaces. Both exhibit lifetimes of hours below 
0.5 K, while supported nanostructures of smaller 
size retain their magnetic orientation only on a 
time scale of seconds (9, 10). 

Ultimately, the smallest size of a magnet can 
be reached with a single surface-adsorbed atom. 
The magnetism of single atoms has become the 
subject of intense research (JJ-17) since the 
discovery of a giant magnetic anisotropy for 
Co atoms adsorbed onto a Pt(111) surface (J8). 
However, despite the high magnetic anisotropy 
originating from the extremely low coordina- 
tion, all adatom-surface combinations inves- 


tigated so far are paramagnetic down to 0.3 K, 
with the longest achieved magnetic lifetime 
being 230 us at 0.6 K (16, 17). Thus, in addition 
to anisotropy, the magnetic states of a quan- 
tum magnet need to be protected from quan- 
tum tunneling of the magnetization as well as 
from scattering with electrons and phonons of the 
substrate. The first condition requires a degen- 
erate ground state doublet with a projected total 
angular momentum J, that is protected from mixing 
with other states by the symmetry of the adsorp- 
tion sites’ ligand field (19, 20). The second re- 
quires decoupling the magnetic atom from the 
phonon and conduction electron baths. 

Here, we investigated ensembles of rare-earth 
atoms, whose spin and orbital moments origi- 
nate from the strongly localized 4f orbitals and 
interact weakly with the surrounding environ- 
ment. Additional decoupling is ensured by choosing 
an insulating substrate with low phonon density 
of states, such as MgO. We found that Ho atoms 
deposited on MgO(100) thin films grown on a 
Ag(100) surface formed single-atom magnets with 
a relaxation time that depended on the MgO thick- 
ness. Not only did the Ho atoms show magnetic 
bistability, they also had exceptionally large co- 
ercive field and showed magnetic hysteresis up 
to 30 K, a temperature substantially higher than 
the blocking temperature of single-molecule 
magnets on comparable time scales. These excep- 
tional properties originate from a combination of 
factors—namely, the specific mixing of odd J, 
states of Ho in the C,, symmetric ligand field of 
Mg0(100), which protects the magnetization from 
reversal by tunneling and first-order electron scat- 
tering at zero and finite fields, and the weak 
coupling to the electronic and vibrational degrees 
of freedom of the substrate, provided by the stiff 
and insulating MgO buffer layer. 

We created a quasi-monodisperse ensemble of 
individual Ho atoms adsorbed on ultrathin 
Mg0O(100) films grown on Ag(100) by depositing 
minute amounts of Ho at a sample temperature 
below 10 K, which ensured that the thermal mo- 
bility of the adatoms was blocked. Low-temperature 
scanning tunneling microscopy (STM) images 
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displayed the Ho atoms as localized protrusions 
with identical apparent heights and widths (Fig. 1A). 
Ab initio calculations using density functional 
theory (DFT) in the GGA+U approximation (27) 
identify the O-top as the most favorable adsorp- 
tion site (Fig. 1B and table S3). Atomic-resolution 
images of samples with coadsorbed Co or Fe atoms 
confirmed this assignment (fig. S2). The adatoms 
were immobile up to 50 K and, therefore, at all 
temperatures where we characterized their mag- 
netic properties. 

X-ray absorption and magnetic circular dichroism 
spectra (XAS and XMCD) taken at the Ho M,; 
edges (3d—4f transitions) with the x-ray beam 
and magnetic field parallel to the surface normal 
revealed a pronounced dichroism (Fig. 1D). This 
magnetic signal indicates the presence of a large 
localized magnetic moment that aligns along the 
field direction. Recording the maximum of the 
XMCD peak as a function of the external field 
allowed us to measure the magnetization loop of 
the Ho adatoms. At 6.5 K, we observed a clear 
hysteresis opening along the out-of-plane direc- 
tion and a remanent magnetization of 25% of 
saturation (Fig. 1E). After saturation, the Ho atoms 
retained their magnetization even in the absence 
of an external field. In addition, the loop showed a 
coercive field of 1 T and remains open up to the 
maximum available field of 8.5 T, indicating a long 
relaxation time even at extremely high magnetic 
fields. 

This exceptional magnetic stability is related 
to the symmetry of the Ho quantum states. We 
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identify them by comparing experimental spectra 
and magnetization curves with multiplet calcu- 
lations (fig. S6). At zero field, the ground state 
is a perfectly degenerate doublet. The two states, 
labeled as |0) and |1), exhibited out-of-plane pro- 
jections of the total moment (J, = +4.66) (Fig. 1C). 
This value matches well with the result of the 
sum rules directly applied to the experimental 
XAS and XMCD spectra (22). In the C,, symmetry 
of the O adsorption site, this ground state doublet 
is a superposition of the the quantum states J, = 
+7; +3; ¥1; and +5, with the first two contributing 
the most (table $2). Thus, it is protected from 
first-order spin excitations (Am = 0, +1) at any 
external magnetic field (20), which prevents mag- 
netization reversal by electron scattering. In ad- 
dition, the very low density of vibrational modes 
in the MgO layer (fig. S9) strongly suppresses 
first-order scattering with phonons (Am = +1, 
+2). The absence of Ho-MgO vibrational modes 
in the region of hyperfine level crossing can fur- 
ther slow down relaxation at low fields, as ob- 
served for TbPc, molecules grafted on suspended 
nanotubes (23). Thus, the combination of magnetic 
ground state, symmetry of the adsorption site, 
and decoupling from the metal substrate guaran- 
tees protection against all first-order scattering and 
ultimately allows for long magnetic lifetimes. 
The first excited state |2) is a (J; = 0) singlet 
lying 4.5 meV above the ground state. This en- 
ergy separation is sufficient to prevent electronic 
level crossings up to more than 10 T (Fig. 1C), 
hence the absence of quantum tunneling steps in 


Energy 


l1) + 4.66 
l0) - 4.66 


ge 
< 
=) 
re 
& 
c 
S 
@ 
N 
x3) 
Cc 
3 eo £ 
= oO T=65K | 
-1. 4 
2 pitiiit ati siit it ra es oes Bo 
86-420 2 46 8 
B(T) 


the hysteresis loop (3). Further excited states lie 
at a higher energy and played no role at the 
temperatures and magnetic fields used here. 

To access the magnetic lifetime, we first ini- 
tialized the ensemble of Ho atoms in the |0) state 
by applying an external field B = +6.8 T until 
saturation was reached. We then swept the mag- 
netic field to near zero (B = 0.01 T) and recorded 
the time needed for the magnetization of the 
ensemble to vanish—namely, to reach equal oc- 
cupation of the |0) and |1) states (Fig. 2A). At a 
temperature of 10 K, we found an exponential 
decrease in the XMCD signal with a character- 
istic lifetime of t = 1586 + 131 s (Fig. 2C). Notably, 
we observed comparable magnetic lifetimes down 
to 2.5 K (fig. S4A), implying that below 10 K, the 
magnetic relaxation is essentially driven by non- 
thermal processes. 

Measurements at different photon fluxes re- 
vealed that the lifetime of Ho atoms is mostly 
limited by the secondary electron cascade gen- 
erated by the absorbed photons. The scattering 
with these hot electrons reduces the magnetic 
lifetime, as recently reported for endofullerene 
single-molecule magnets (24). The measured lifetimes 
hence represent a lower bound to the intrinsic 
magnetic lifetimes. Extrapolation to the zero-flux 
limit suggests intrinsic lifetimes of the order of 
1 hour at 2.5 K (fig. S4B). Increasing the temper- 
ature to 20 K activates thermal relaxation processes 
and results in a slightly decreased magnetic 
lifetime of 675 + 77s (Fig. 2C). The lifetime of the 
Ho atoms on MgO is much longer than for Ho 


Fig. 1. Ho atoms on MgO films. (A) Constant- 
current STM image of Ho atoms on 2 monolayer 
(ML) MgO/Ag(100) (tunnel voltage V; = 100 mV, 
tunnel current /; = 20 pA, T = 4.7 K, Ho coverage 
Oyo = 0.005 + 0.001 ML). (B) Adsorption geom- 
etry of Ho atoms on top of O on 2-ML MgO/Ag(100) 
as simulated with DFT, together with a schematic 
of the XAS experiment. (C) Splitting of the lowest 
quantum levels of Ho atoms from multiplet calcula- 
tions. Zero-field values of (J,) are reported. (D) XAS 
and XMCD at the My.5 edges for an ensemble of 
individual Ho adatoms. The arrow points to the 
maximum of the XMCD signal that is recorded as a 
function of magnetic field to obtain the magnetiza- 
tion curves shown in (E) (field sweep rate dB/dt) = 
8 mT/s, photon flux =1x 10*nm*s7, T=65K, 
Oxo = 0.01 ML, MgO coverage Omugo = 7.0 ML). 
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ions in HoPc, (25) and Ho-doped bulk crystals 
(26), possibly because of the larger level splitting 
and the smaller number of vibration modes al- 
lowed for atoms adsorbed on surfaces. 

We further characterized the magnetic lifetime 
at a large magnetic field. We prepared the en- 
semble in the |1) state at B = -6.8 T and measured 
the time needed to fully reverse to the |0) state at 


saturation With t,., = 1223 + 69 s (Fig. 2D). Thus, 
the Ho atoms on MgO retained their long lifetimes 
even at a very high field where single-molecule 
magnets typically exhibit faster relaxations because 
of level crossing, quantum tunneling of the mag- 
netization, or scattering with phonons (J-5). 

To probe the temperature dependence of the 
remanence and of the coercive field of Ho atoms, 


we recorded hysteresis loops in the most favor- 
able experimental conditions, i-e., using the fastest 


B=+6.8 T and T= 10 K (Fig. 2B). We observed an 
exponential increase in the magnetization up to 
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Fig. 2. Magnetization lifetime. (A and B) Scheme of the measurements. After saturation at |Bmax| = 6.8T, 
the field was swept to the indicated values. Measurements of XMCD started at the end of the sweep. (C and 
D) Time evolution of the maximum XMCD intensity (dots) normalized to the saturation value at B = +6.8 T 
(@Ho = 0.015 ML, Omgo = 6.0 ML, o = 0.14 x 10°* nm s 1, dB/dt = 33 mT/s). Exponential fits (solid lines) 
give the magnetic lifetime t and reversal time trey of the Ho atoms. 
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Fig. 3. Magnetic hysteresis at increasing temperatures. (A) Scheme for the hysteresis measurements 
at a fast sweep rate of the magnetic field. We first kept the magnetic field at +B,,,, for sufficient time to 
reach +Mgz¢ (1), then measured M while sweeping the field to — Bmax (2). This fast sweep leaves the 
system out of equilibrium at Bmax. Thus, we allow the system to relax at constant B = —Bmax until 
equilibrium is reached (3) before starting the new branch of the loop (3-4-1). (B) Hysteresis loop 
recorded at T = 10 K following the scheme described in (A). (C) Evolution of the hysteresis loop with the 
temperature (dark, downsweep; light, upsweep). The relaxation part is not shown (Ho = 0.01 ML, Omgo = 
4.3 ML, 6 = 0.55 x 10°* nm? s 1, dB/dt = 33 mT/). 
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field sweep rate dB/dt and lowest photon flux 
achievable (Fig. 3A). Under these conditions, the 
hysteresis opening at 10 K (Fig. 3B) was even 
wider than the one in Fig. 1E, showing a coercive 
field of 3.7 + 0.3 T and a remanent magnetization 
of 50% of saturation. In addition, the hysteresis 
remained open up to 30 K, and only at 40 K was 
the magnetization loop essentially closed (Fig. 
3C). These results further show that the magnetic 
quantum states of Ho atoms were notably protected 
against scattering with Ag conduction electrons 
and MgO phonons. 

Although the Ho ground state was protected 
against magnetization reversal via first-order electron- 
spin excitations, it is possible, in principle, to re- 
verse the magnetization via direct scattering with 
phonons or by two-electron or -phonon transitions 
through the first excited state. The reversal processes 
that are triggered by the scattering with conduc- 
tion electrons and with the soft phonon modes of 
the underlying metal are expected to critically 
depend on the thickness of the MgO layer. Accord- 
ingly, we observed that the hysteresis loops of Ho 
atoms became narrower when the thickness of 
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Fig. 4. Effect of the MgO layer thickness. (A) 
Magnetization loops acquired on Ho atoms on 
MgoO films of various thicknesses as indicated 
close to each loop (T = 2.5 K, dB/dt = 12 mT/, 6 = 
2.15 x 107 nm“ st, Oy = 0.005 to 0.010 ML). 
The curves were rescaled to the corresponding 
saturation value at B = +6.8 T. The reduced loop 
opening compared to that in Figs. 1 and 3 is a 
consequence of the higher photon flux and the 
lower sweep rate used here. (B) Loop area as a 
function of MgO thickness, reaching a constant 
value at 3.6 ML. 
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the MgO film was reduced below 3.6 monolayers 
(ML) and were almost closed for a thickness of 
2.4 ML (Fig. 4). We observed essentially no var- 
jation in the XAS and XMCD spectra of Ho atoms 
with the number of MgO layers (fig. S5), hence the 
Ho ground state was unaffected by the MgO 
thickness. Thus, protection against first-order 
reversal is a necessary but not a sufficient con- 
dition to prevent magnetization reversal. To ob- 
tain long magnetic lifetimes in single atoms, an 
efficient decoupling from the electron and pho- 
non bath is also required to ultimately suppress 
higher-order scattering processes that cannot be 
eliminated by symmetry. This result also suggests 
that long spin lifetimes are unlikely for single 
atoms in direct contact with a metal substrate. 

The need of a decoupling layer to obtain long 
lifetimes is in stark contrast with the interpreta- 
tion of STM experiments on Ho atoms on Pt(111), 
which reported telegraph noise in the differen- 
tial conductance with characteristic times of up 
to 700 s at T = 0.7 K and zero field (19). This 
signal was interpreted as magnetic bistability 
and ascribed to a J, = 8 ground state, as cal- 
culated by DFT, which would be protected by the 
C3, symmetry of the adsorption site. However, 
XMCD measurements revealed that Ho atoms 
on Pt(111) have a ground state J, = 6 that is 
incompatible with long spin lifetimes in a C3,- 
symmetric crystal field (27). In addition, the mag- 
netization curves at 2.5 K are fully reversible. 
According to these XMCD results, Ho/Pt(111) is a 
perfect paramagnet, as are all the other single 
atoms on surfaces previously reported. Moreover, 
subsequent STM experiments on the same sys- 
tem could reproduce neither telegraph noise nor 
spin excitations (10). Together with further STM 
observations on other 4f elements (28), this ques- 
tions the interpretation of the results reported in 
(19) as magnetic bistability of Ho/Pt(111). 

The relative simplicity of the Ho/MgO system, 
based on common physical deposition methods, 
as well as the planar geometry of the system 
opens the possibility of probing and manipulat- 
ing the Ho spin and its environment in a con- 
trolled way. Using MgO as a decoupling layer 
could improve the magnetic stability not only of 
individual atoms but also of surface-supported 
molecular magnets, paving the road to scalable 
and robust nanoscale spintronic devices. 
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HYDROGEN BONDING 


Nuclear quantum effects of hydrogen 
bonds probed by tip-enhanced 
inelastic electron tunneling 


Jing Guo,’* Jing-Tao Lii,”* Yexin Feng,”** Ji Chen,’ Jinbo Peng,’ Zeren Lin," 
Xiangzhi Meng,' Zhichang Wang,’ Xin-Zheng Li,*”°+ En-Ge Wang,”°+ Ying Jiang’°>+ 


We report the quantitative assessment of nuclear quantum effects on the strength of a 
single hydrogen bond formed at a water-salt interface, using tip-enhanced inelastic 
electron tunneling spectroscopy based on a scanning tunneling microscope. The 
inelastic scattering cross section was resonantly enhanced by “gating” the frontier 
orbitals of water via a chlorine-terminated tip, so the hydrogen-bonding strength can be 
determined with high accuracy from the red shift in the oxygen-hydrogen stretching 
frequency of water. Isotopic substitution experiments combined with quantum 
simulations reveal that the anharmonic quantum fluctuations of hydrogen nuclei 
weaken the weak hydrogen bonds and strengthen the relatively strong ones. However, 
this trend can be completely reversed when a hydrogen bond is strongly coupled to the 


polar atomic sites of the surface. 


n terms of tunneling and zero-point motion, 
nuclear quantum effects (NQEs) play impor- 
tant roles in the structure, dynamics, and 
macroscopic properties of hydrogen-bonded 
(H-bonded) materials (7-5). Despite enormous 
theoretical efforts toward pursuing proper treat- 
ment of the nuclear motion at a quantum me- 
chanical level (5-9), accurate and quantitative 
description of NQEs on the H-bonding inter- 
action has proven to be experimentally chal- 
lenging. Conventional methods for probing the 
NQEs are based on spectroscopic or diffraction 
techniques (4, 10-14). However, those techniques 
have poor spatial resolution and only measure 
the average properties of many H bonds, which 
are susceptible to structural inhomogeneity and 


local environments. The spatial variation and in- 
terbond coupling of H bonds lead to spectral 
broadening that may easily smear out the subtle 
details of NQEs. 
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Fig. 1. Experimental setup and orbital gating. (A) Schematic of the experimental setup. One OD bond (D2) 
of the D2O monomer is free and the other (D1) forms a H bond with Cl” of NaCl (denoted by a dashed line). O, D, 
Au, CI, and Na* are denoted by red, white, golden, green, and purple spheres, respectively. (B) Calculated HOMO 
states of the water molecule at different tip heights. Dashed lines denote the peak positions of the HOMO states; 
the arrow indicates the gating of the HOMO toward the Fermi level by the STM tip. E, energy; E-, Fermi level; PDOS, 
projected density of states; a.u., arbitrary units. (C) Schematic of the tip-enhanced IET process. The tip-water 
coupling “gates” HOMO to the proximity of E-, thus resonantly enhancing the cross section of the IET process. Vac, 
vacuum; h, Planck's constant divided by 2x; w; vibrational angular frequency. (D) STM topography of a D20 
monomer (V = 100 mV, | = 50 pA). The inset shows the calculated isosurface of charge density of the HOMO. 


One promising technique to overcome these 
challenges is inelastic electron tunneling spectro- 
scopy (IETS) based on a scanning tunneling mi- 
croscope (STM), which combines sub-angstr6m 
spatial resolution and single-bond vibrational 
sensitivity (15-18). In a conventional IETS re- 
gime, the electron-vibration coupling is only a 
weak perturbation on the elastic scattering pic- 
ture, leading to a very small cross section for vi- 
brational excitation and extraordinarily weak 
IET signals (79, 20). This limitation particularly 
affects closed-shell molecules such as water, whose 
frontier orbitals are located far away from the 
Fermi level (E;) (21). Thus, it has been very dif- 
ficult to obtain reliable vibrational spectroscopy 
of water with conventional IETS. To this end, 
we developed a tip-enhanced IETS technique to 
achieve a sufficiently high signal-to-noise ratio for 
water, which allowed us to quantitatively reveal 
the quantum component of the H bonds and 
the important role of the local environment in 
dictating the NQEs. 

The STM-IETS experiments were performed 
on water monomers adsorbed on a Au-supported 
NaCl(001) bilayer (22) (fig. S1). The water is ad- 
sorbed on top of a Na* site in a “standing” 
configuration (23). One OD bond (D2) of a D,O 
molecule dangles upward, and the other (D1) 
forms a H bond with the Cl of the NaCl surface 
(Fig. 1A). To enhance the IETS signals, we used 
a Cl-terminated STM tip to “gate” the highest 
occupied molecular orbital (HOMO) of water 
to the proximity of Z; via tuning tip-water cou- 
pling (Fig. 1B). Orbital gating with the Cl tip 
was highly selective and much more effective 
than gating with the bare tip, owing to the 
stronger coupling of the HOMO with the Cl p- 
orbital (fig. S4). In such a near-resonance case, 
the HOMO is strongly coupled to the molecular 
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Fig. 2. Tip-enhanced IETS of a D20 monomer. (A) d//dV and d?!/dV* spectra taken at different tip heights. Red (-1.2 A) and blue (-0.4 A) curves were taken on 
the D2O monomer. Gray curves (-1.2 A) were acquired on the NaCl surface (denoted as “bkgd”). The vibrational IET features are denoted as “R” (rotational), “B” 
(bending), and “S” (stretching). Dashed horizontal lines represent zero levels of the y axes for each curve. (B and C) Experimental (B) and calculated (C) d7//dV* 
spectra (normalized by dl/dV) of the bending mode as a function of tip height. For clarity, each curve is scaled properly to ensure the same magnitude. All tip 
heights in the experiment are referenced to the gap set with V = 100 mV and / = 50 pA. The tip height in (C) is defined in fig. S2. 
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vibrational modes (fm, where f is Planck’s 
constant h divided by 2x and w is the vibra- 
tional angular frequency), resulting in a reso- 
nantly enhanced IET process (Fig. 1C) (24-26). The 
STM topography of the D,O monomer near the 
zero bias exhibited a HOMO-like double-lobe 
structure with a nodal plane in between the lobes 
(Fig. 1D and fig. S4). 

For typical tip-enhanced IETS of the D,0 mo- 
nomer (Fig. 2A), the Cl tip was positioned slightly 
away from the nodal plane of the molecule (fig. 
85). At a large tip-water separation, the spectra 
were featureless (blue), simply following the back- 
ground (gray). Once the tip-water separation was 
decreased by ~0.8 A (red), additional kinks arose 
in the di/dV spectrum (J, current; V, voltage). In 
the corresponding d@’J/dV” curve, these kink fea- 
tures are further magnified as prominent peaks 
and dips that are point-symmetric with respect 
to the zero bias. Comparison with density func- 
tional theory (DFT) calculations allowed us to 
assign the spectral features (“R,” “B,” and “S”) to 
the frustrated rotational, bending, and stretching 
modes, respectively (fig. S6). 

High-resolution d°J/dV’ spectra of the bend- 
ing mode (B) (Fig. 2B) show that as the tip height 
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Fig. 3. Tuning the H-bonding strength with the Cl tip. (A) High-resolution 
IETS of D20 (blue: -1 A) and H20 (red: -0.9 A) monomers, focusing on the 
stretching modes (marked as D1, D2, and H1). Vertical dashed lines denote 
the vibrational energies of the free OD and OH stretching modes. (B) Two- 
dimensional (2D) IETS color map of the Ds0 monomer as a function of tip 
height. Four representative IET spectra (dashed curves) at different tip heights 
are superimposed onto the map. Arrows denote the tip height of -1.36 A, where 
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decreased, the normalized IETS intensity was 
enhanced by more than one order of magnitude, 
and the line shape changed from a symmetric 
dip to an asymmetric Fano-shaped feature (25). 
Such behavior was well reproduced by DFT- 
based transport calculations (Fig. 2C) (22), which 
revealed that the drastic increase of the spectral 
intensity mainly arose from the enhancement of 
the HOMO states near the bias window of IETS, 
whereas the symmetric-to-asymmetric line shape 
change arose from the competition between two 
high-order elastic channels controlled by the tip- 
water coupling (fig. S7). The resonantly enhanced 
IETS had a very high signal-to-noise ratio (up to 
30% in relative conductance change), which is 
crucial for precisely determining the H-bonding 
strength. 

The frequency shift of the stretching mode 
(S) is very sensitive to H-bonding strength (27, 28). 
The adsorbed D,O has two distinct S modes 
(denoted as D1 and D2 in Fig. 3A). The energy 
of D2 nearly coincides with that of the free OD 
stretching and thus should arise from the up- 
right dangling OD bond (Fig. 1A). We attributed 
the other mode (D1), which was considerably 
red-shifted, to the downward OD H-bonded with 
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the NaCl surface. For H,O, only the red-shifted 
mode (H1) could be observed; the higher mode 
(H2) was too weak to produce any detectable 
signal (Fig. 3A). The spectral intensity of D2 was 
also much smaller than that of D1. Such a differ- 
ence can be explained by considering the pro- 
pensity rules (fig. $8) (29, 30). 

Notably, we could continuously modify the H- 
bonding strength by adjusting the tip height. As 
the tip height decreased, the water molecule was 
pushed closer to the substrate by the Pauli re- 
pulsion force, which led to a strengthening of the 
O-D---Cl H bond (fig. $9). Accordingly, the two- 
dimensional (2D) color map of our IETS results 
shows that both D1 and D2 shifted to lower 
energies as the tip height decreased (Fig. 3B). 
The D2 mode almost vanished around -1.36 A 
(marked by two arrows), where the D1 mode 
underwent a symmetric-to-asymmetric line shape 
change. The red shifts of the D1 and D2 modes 
were independent of the bias polarity, thus 
excluding the origin of the electric field effect. 
Note that Chiang et al. recently observed the 
vibrational frequency shift of a CO molecule in 
the STM junction that was not the result of H- 
bond formation (37). 
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the D2 mode nearly vanished and the D1 mode underwent a change in line 
shape from symmetric to asymmetric. (C and D) Energies of the D1, D2, and H1 
modes as a function of tip height. Each data set can be nicely fitted to an 
inversed exponential decay. Horizontal dashed lines represent the asymptotic 
lines of those curves when extrapolated to infinite tip height. Error bars reflect 
the fitting error and the accuracy of the bias channel (~0.1 meV). (E) High- 
resolution IETS of a HOD monomer (blue: -1.4 A, red: -2.3 A). 
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Fig. 4. Nuclear quantum effects on H-bonding strength of HOD monomers. 
(A) Ratio between the frequency (v) of Hl and D1 as a function of tip height for 
three different HOD monomers. The ratio (1.361) between the frequency of the free 
OH and OD stretching modes is denoted by a horizontal dashed line. (B) Relative 
difference between H-bond energies of O—H---Cl (Ey) and O-D--Cl (Ep) as 
a function of their average [Eaverage = (EH + Ep)/2]. Error bars in (A) and (B) were 
calculated by the uncertainty propagation formula from the errors of the D1 and 


In Fig. 3, C and D, we plot the energies of the 
D1, D2, and H1 modes as a function of tip height, 
which can be fitted to inversed exponential de- 
cays (22). Extrapolating these curves to infinite 
tip height eliminated the influence of the STM 
tip. The resulting energy of D2 (338.7 + 0.3 meV) 
is ~1 meV greater than that of the free OD stretch- 
ing mode (338 meV). Such a blue shift may arise 
from the vibrational coupling between the D1 and 
D2 transition dipoles (fig. S6) (32). To minimize 
the contribution of vibrational coupling to the 
frequency shift, we switched to HOD monomers, 
in which OH and OD stretching are completely 
decoupled because of the large energy mismatch. 
Surprisingly, the OD and OH stretching modes 
were both red-shifted (blue curve in Fig. 3E), which 
suggests that they are both H-bonded. Upon de- 
creasing the tip height, the free OD stretching 
mode (D2) emerged and coexisted with D1 (red). 
Thus, the HOD monomer must be rapidly flip- 
ping on the surface such that OH and OD form H 
bonds alternatively with the substrate (fig. S10). 

This finding provides a rare opportunity to ac- 
curately quantify the NQEs on H-bonding strength 
by comparing the D1 and H1 modes in the same 
molecule. Figure 4A shows the ratio between the 
frequency of H1 and D1 (fig. S11) as a function of 
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STM tip height for three different HOD mono- 
mers. As the tip approached the water molecule, 
this ratio decreased as a general trend. But at 
both large and small tip heights, distinct reversal 
behaviors appear (regions I and III). These curves 
differ from each other well beyond the experi- 
mental errors, which may arise from the influence 
of local environments created by the different 
condition of the tips and the inhomogeneity of 
the surface resulting from the Au substrate (fig. 
$1). In region II, these curves cross over the ratio 
of the free HOD monomer (1.361) (33), which is a 
clear indicator that NQEs affect the H-bonding 
interaction when isotope substitution occurs. We 
found that Stark shifts of the D1 and H1 modes 
are negligible because their dipole moments 
are almost orthogonal to the electric field of the 
STM tip (34). 

To extract the impact of NQEs explicitly, we 
used an empirical relation to convert the red shifts 
of D1 and H1 into H-bonding energy (22, 27). 
Figure 4B shows the relative H-bonding energy 
difference between H and D as a function of their 
average energies. In general, the NQEs weakened 
the weak H bonds and strengthened the rela- 
tively strong ones, but the impact of NQEs tended 
to diminish at the weak- and strong-bond limits 


H1 modes. (C) Same as (B), but the data were averaged for seven different HOD 
monomers. Error bars in (C) reflect the standard error. (D) Calculated H-bonding 
energy change upon isotope substitution (black) and the ratio between averaged 
projection of O—-H and O-D covalent bonds along the intermolecular axis (red) as 
a function of tip height. The tip height is defined in fig. S2. The inset illustrates the 
geometry used for projecting the O—H(D) bond onto the intermolecular axis 
[O-H(D)/]. Error bars in (D) reflect the statistical error in the PIMD simulations. 


(regions I and III). Figure 4C shows averaged data 
for seven different HOD monomers. Although the 
crossover still occurs, the turning points at both 
ends are smeared out after averaging. The quan- 
tum component of the H bond can account for 
up to 14% of the bond strength (Fig. 4B), which is 
much greater than the thermal energy contribu- 
tion, even at room temperature. 

To understand the behavior of NQEs, we car- 
ried out ab initio path integral molecular dy- 
namics (PIMD) simulations (Fig. 4D and fig. S12) 
(22). The simulated results (black curve in Fig. 
4D) are in excellent agreement with the experi- 
mental observations. To explore the physical 
basis for these changes, we defined a projection 
of the OH (OD) covalent bond length along the 
intermolecular axis of the H bonds (inset of Fig. 
4D). The zero-point motion of O-H (O-D) stretch- 
ing increases the projection, whereas that of H- 
bond bending decreases the projection, due to the 
anharmonic nature of the potentials. The ratio 
between the averaged O-H and O-D projections 
(red curve) correlates well with the bonding en- 
ergy difference (black curve). A delicate interplay 
between covalent bond stretching and H-bond 
bending determines the bonding energy change 
upon isotope substitution. 
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The anharmonic quantum fluctuation of the 
stretching (bending) mode becomes more (less) 
pronounced as the H bond gets stronger (9), 
which accounts for the observed crossover be- 
havior in region II. However, the reversal behav- 
iors in regions I and III are not predicted by this 
simple theoretical picture. At the weak-bond limit 
(region JD, the quantum contributions of these two 
modes both diminish quickly and tend to cancel 
each other, resulting in the fade-out of the energy 
difference. The turning point at the strong-bond 
limit (region III) is closely related to the unusual 
noncolinear geometry of the O-H---Cl H bond, 
which arises from the electric repulsive interac- 
tion between the H1 (D1) atom and the Na* cation 
of the NaCl surface (fig. S12). Such an interaction 
modifies the potential profile along the H-bond 
bending direction as the water molecule ap- 
proaches the surface, so anharmonic H-bond 
bending is greatly enhanced and even dominates 
over O-H stretching, leading to the reversal be- 
havior of NQEs for strong H bonds. This implies 
that the NQEs of a H bond are extremely sen- 
sitive to coupling with the local environment, 
which is, at present, inaccessible by macroscopic 
spectroscopic methods. Not only do these find- 
ings substantially advance our understanding of 
the quantum nature of H bonds, they also open 
up a new route for spectroscopic studies of H- 
bonded systems at the single-bond level. 
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THERMODYNAMICS 


A single-atom heat engine 


Johannes Rofnagel,’* Samuel T. Dawkins,’ Karl N. Tolazzi,” Obinna Abah,? Erie Lutz,” 


Ferdinand Schmidt-Kaler,' Kilian Singer’** 


Heat engines convert thermal energy into mechanical work and generally involve a large 
number of particles. We report the experimental realization of a single-atom heat engine. 

An ion is confined in a linear Paul trap with tapered geometry and driven thermally by coupling 
it alternately to hot and cold reservoirs. The output power of the engine is used to drive a 
harmonic oscillation. From direct measurements of the ion dynamics, we were able to determine 
the thermodynamic cycles for various temperature differences of the reservoirs. We then 

used these cycles to evaluate the power P and efficiency y of the engine, obtaining values 

up to P = 3.4 x 10°? joules per second and y = 0.28%, consistent with analytical estimations. 
Our results demonstrate that thermal machines can be reduced to the limit of single atoms. 


eat engines, which convert thermal energy 

into mechanical work, have played a cen- 

tral role in society since the industrial rev- 

olution and are ubiquitous as generators 

of motion (J). The working fluid of a mac- 
roscopic engine typically contains on the order 
of 10** particles. Experimental progress in the 
past decade has led to the miniaturization of 
thermal machines down to the microscale, using 
microelectromechanical (2), piezoresistive (3), and 
cold atom (4) systems, as well as single colloidal 
particles (5, 6) and single molecules (7). In his 
1959 talk “There is plenty of room at the bottom,” 
Feynman envisioned tiny motors working at the 
single-atom level (8). 

Here, we report the realization of a classical 
single-atom heat engine whose working agent 
is an ion held within a modified linear Paul trap. 
We use laser cooling and electric-field noise to 
engineer cold and hot reservoirs. To determine 
the temperature of the ion, we make use of fast 
thermometry methods, which make use of the 
Doppler broadening of optical resonances (9). 
The thermodynamic cycle of the engine is estab- 
lished for various temperature differences of the 
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reservoirs, from which we deduce work and heat, 
and thus power output and efficiency. We addi- 
tionally show that the work produced by the en- 
gine can be effectively stored and used to drive a 
harmonic oscillator against friction. 

Trapped ions offer an exceptional degree of 
control in their preparation and manipulation, 
great precision in the measurement of their pa- 
rameters (JO, 7), and the capability of coupling 
to engineered reservoirs (12, 13). Hence, they pro- 
vide an ideal setup for operating and character- 
izing a single-particle heat engine (74). 

In our experiment, a single *°Ca* ion is trapped 
in a linear Paul trap with a funnel-shaped elec- 
trode geometry (Fig. 1A). The electrodes are 
driven symmetrically at a radio-frequency voltage 
of 830 Vp, at 21 MHz, resulting in a tapered 
harmonic pseudo-potential (Fig. 1B) of the form 


U = (m/ 2)) of? (10), where m is the atomic 


mass and 7 € {x, y} denotes the radial trap axes 
(Fig. 1A). The axial confinement is realized with 
constant voltages on the two end-cap electrodes, 
resulting in a trap frequency of w,/2n = 81 kHz. 
The trap angle 0 = 10° and the radial extent of 
the trap 7) = 1.1 mm at zg = O characterize the 
geometry of the funnel. The resulting radial trap 
frequencies ,.,, decrease in the axial z-direction as 


Wox,oy ( ) 
( g tan °y 
14+ — 
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Fig. 1. Single-atom heat engine. (A) Experimental setup composed of a 
single trapped ion (green); lasers for cooling, damping, and observation of the 
ion (blue); radio-frequency electrodes in funnel geometry (red); end caps 
(gold); and outer electrodes (gray). The position of the ion is imaged on an 
ICCD camera. Opposing voltage noise waveforms are additionally supplied 
to the outer electrodes so as to generate electric-field noise without affecting 
the trap frequencies. (B) Cross section of the funnel-shaped pseudo-potential 
between the radio-frequency electrodes (red), with a minimum at the center. 
The gradient of the potential (orange arrows) has an axial component that 
increases with radial displacement x or y. A force in the axial direction arises as 
a function of the finite width of the radial thermal state of the ion (green 
Gaussian distribution). (C) Position of the ion (black symbols) determined from 
the average of more than 200,000 camera images at each time step. The error 
bars result from the uncertainty of Gaussian fits to the recorded fluorescence 


images. The measured positions are described by a sinusoidal fit (green line). 
Background colors indicate the periodic interaction with the hot (red) and cold 
(blue) reservoirs, which gives rise to a periodic driving force (blue line) accord- 
ing to Eq. 1, shown relative to its mean value of 5.03 x 107*! N. (D) Thermo- 
dynamic cycle of the engine for one radial direction. Trap frequencies in the 
radial direction w, are deduced directly from the measured z-positions. The 
temperature T of the radial state of motion, and thus the corresponding mean 
phonon number 7, is determined from separate measurements (see text and 
Fig. 2). The values of w, and n, are given with respect to the center of the cycle 
at wo,/2n = 4479 + 0.2 kHz and fio-= 2.61 (0.04) x 10* phonons. The shaded 
area enclosed by the cycle is proportional to the work performed by the engine, 
where red and blue colors indicate heating and cooling periods, respectively. 
The black line is the calculated trajectory of the cycle (see text). The pictograms 
in the corners illustrate the different stages of an idealized cycle. 


trap minimum zg = 0 are @o,/2n = 447 kHz and 
W,/2n = 450 kHz, with the degeneracy lifted, but 
sufficiently close to permit the approximation of 
cylindrical symmetry with r? = x? + y? and a mean 
radial trap frequency ,. An additional set of 
outer electrodes compensates for stray fields. 
The trapped ion is cooled by a laser beam at 
397 nm, which is red-detuned to the internal 
electronic S12 — Pi/2 transition (10); the resulting 
fluorescence is recorded by a rapidly gated in- 
tensified charge-coupled device (ICCD) camera. 

The heating and cooling cycle of the ion is de- 
signed such that the ion thermalizes as if in con- 
tact with a thermal reservoir. A cold bath interaction 
is realized by exposing the ion to a laser cooling 
beam, leading to an equilibrium temperature of 
Tc = 3.4 mK (9, 15). A hot reservoir interaction 
with finite temperature Tj; is designed by ad- 
ditionally exposing the ion to white electric-field 
noise. The interplay of photon scattering and 
noise leads to a thermal state of the ion at tem- 
perature T at any given moment (9, J6, 17). 

In our setup, heating and cooling act on the 
radial degrees of freedom. The resulting time- 
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averaged spatial distribution of the radial ther- 
mal state is of the form 


.. “il -(r — 1)° 
E4(7,4,7) nan | (2) 


with a temperature-dependent time-averaged 
width o,(T) = \/kpT/mo?, where ky is the 
Boltzmann constant. Because the thermal energy 
during the operation of the engine is larger than 
the energy spacing of the harmonic oscillator 
(kpgT >> ho,), a classical description of the dy- 
namics is appropriate. 

The heat engine is driven by alternately heat- 
ing and cooling the ion in the radial direction 
by switching the electric noise on and off; the 
cooling laser is always on. Heating and cooling 
change the spatial width o,(T) of the radial 
thermal state €,(7, 0, T). Owing to the geometry 
of the trap, the gradient of the funnel-shaped 
pseudo-potential U has a component in the axial 
direction z that depends on the radial position 
r (Fig. 1B). As a consequence, the finite width of 


the radial thermal state €,(7, 0, T) leads to a 


temperature-dependent average force in the 
axial direction: 


Qn 


=| } E(7, T) 


00 


adU(r) 


= 
3 
i 


rdrdo (3) 


During the first part of the cycle, the ion is heated 
and the width o,(T) increases. As a result, the ion 
moves along the zg axis to a weaker radial con- 
finement. We calculate a static displacement of 
11 nm for the relative change of AF, = 2 x 10°? N, 
corresponding to Fig. 1C. During this first step, 
the axial potential energy of the ion increases and 
work is produced. The second step occurs during 
exposure to the cold reservoir when the electric- 
field noise is switched off. Here the radial width o, 
and the corresponding force F, decrease as the 
temperature is reduced, and the ion moves back 
to its initial position owing to the restoring force 
of the axial potential. The combination of heating 
and cooling gives rise to a closed thermodynamic 
cycle and leads to a periodic force F.{T) in the 
axial direction (Fig. 1C). We switch between 
heating and cooling with precise timing, such 
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that the cycle repeats itself at a rate equal to the 
axial trap frequency w,. The engine therefore 
effectively drives a harmonic oscillation in the 
axial direction. The work produced in each cycle is 
thus resonantly transferred to the axial degree of 
freedom and stored in the amplitude of the os- 
cillation. The essentially frictionless nature of the 
system leads to an ever-increasing oscillation. 
The axial motion thus plays a role similar to the 
flywheel of a mechanical engine. 

To contain this oscillation, we provide adjust- 
able damping by introducing an additional cooling 
laser in the axial direction. Steady-state operation 
is reached when the work generated by the en- 
gine is balanced by the energy dissipated by the 
damping. We measure the amplitude of the steady- 
state oscillation of the ion in the z-direction by 
recording fluorescence images with the ICCD 
camera; the exposure time is 700 ns, which is 
much shorter than the axial oscillation period. 
The camera is synchronized with the temperature 
modulation, allowing for the repetitive recording 
of images at particular phases of the oscillation. 
Thus, the position of the ion can be determined 
precisely as a function of time, thereby revealing 
the amplitude and phase of the resulting sinus- 
oidal oscillation (18) (Fig. 1C). We verified that 
both are independent to an inversion of the noise 
signal. To facilitate the position measurement, 
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Fig. 2. Temperature dynamics of the engine. 
(A) Thermalization curves derived from dark-state 
thermometry of the radial thermal state of the ion 
when heated to T= 51 mK (red) and cooled to Tc = 
6 mK (blue). Individual errors result from fits to the 
dark resonances as well as the uncertainty caused 
by the laser linewidths (9). Individual fits reveal ther- 
malization time constants for heating and cooling of 
ty = 190 + 30 us and tc = 210 + 10 us, respectively. 
(B) Dependence of the hot bath temperature 7}, on 
the root mean square of the electric noise applied to 
the trap electrodes, measured by dark-state ther- 
mometry (circles) (9) and spatial thermometry (tri- 
angles) (21). The inset shows a magnification of the 
low-temperature values. (C) Simulated temperature 
of the ion as a function of time using the parameters 
for thermalization. Heating and cooling durations in 
each cycle are 4.1 us and 8.2 us, respectively. With an 
electric-field noise amplitude of 4 V, we calculate a 
working point temperature Twork = 568 mK and a 
temperature difference AT = T2 — T; = 21.5 mK. The 
inset shows an enlargement of the cooling and heat- 
ing processes at steady-state operation. 


Fig. 3. Determination of the damp- 
ing coefficient. The effect of the 
damping coefficient y is studied by 
directly driving the ion axially with 
the end caps in the absence of the 
thermal reservoir interactions. The 


step response is observed by de- 
termining the amplitude A of the 
ion’s oscillation (orange circles) at 
time t after switching the end cap 
drive on. In accord with the dynam- 


ics of a driven damped harmonic 
oscillator, the step response features 
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a rise toward a steady-state ampli- 
tude Ao, superposed with a decay- 
ing beat frequency at m, between 
the resonance w, and drive fre- 


an ion at rest. 


we use the damping laser to reduce the incoher- 
ent, thermal motion in the axial direction, which 
originates from bath interactions. For efficient 


cooling while maintaining low damping of the 


quency wg according to the relation A(t) = Ap V/[cos(ast) — (@z/@q) exp(-y,t)]? + sin(pt)*. A fit to the 
data (orange line) reveals y; = 560 + 100 s“}: the average of four such measurements yielded y = 480 + 
140 s+. (Inset) Determination of oscillation amplitude at 5.5 ms by fitting a time-integrated si- 
nusoidally modulated Gaussian (black line) to the projections of the corresponding camera images, 
with exposure time of 1 ms (gray circles). The width of the Gaussian is determined from the image of 


oscillation, the laser is applied only around the 
turning points of the axial motion (5). 

The thermodynamic cycle of the single-ion 
heat engine is shown in Fig. 1D by plotting the 
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mean phonon number 7%, = kgT /ha, of the ther- 
mal state of the ion in the radial direction as a 
function of the corresponding trap frequency 
@, (19). The radial trap frequencies w,(¢) are ob- 
tained from the measured axial positions of the 
ion z() in conjunction with calibration measure- 
ments of the tapered confinement described by 
Eq. 1. The temperature of the ion at any given 
moment of the cycle is deduced from the inter- 
play of the heating and cooling rates (Fig. 2). We 
determine these rates via a stroboscopic measure- 
ment of the thermal broadening of narrow reso- 
nances of dark states caused by coherent population 
trapping, which are sensitive to the velocity of 
the ion through the Doppler shift (Fig. 2A). A 
detailed description of this technique, originally 
used for cold atoms (20), is presented in (9). The 
temperature of the hot reservoir Tj; can be ad- 
justed via the applied electric-field noise and has 
been measured using dark-state thermometry, as 
well as spatial thermometry (27) for higher temper- 
atures (Fig. 2B). The heating and cooling processes 
are much slower than the internal dynamics of the 
ion; thus, the cycle can be regarded as quasi-static 
with negligible losses caused by irreversible pro- 
cesses (22). Because the ion is in permanent con- 
tact with one of the reservoirs, the dynamics are 
similar to those of a Stirling engine (5, 23). 

We derived the power output during steady- 
state operation in three independent ways. We 
first determined the power Pye = Weyc/teyc, With 
cycle time t.y. = 2n/@,, by evaluating the work as 
the area of the cycles for both radial directions, 
Wee =h § 27n,dw, (19). To assess the performance 
of the engine, we computed the power for various 
temperature differences AT = T, - T, between 
maximum temperature 7, and minimum temper- 
ature 7, in the cycle, as defined in Fig. 2C. The 
difference AT can be tuned by adjusting either the 
reservoir temperatures or the relative duration of 
the reservoir interaction, given by the duty cycle 
d = ty/tey- Of the hot bath interaction time ty, per 
cycle. 

We alternatively deduced the power directly 
from the measurement of the axial oscillation am- 
plitudes A, of up to 15 um. The driving power of a 
driven damped harmonic oscillator at steady state 
yields Po. = ymw?A?2 (24). The damping parameter 
y = 480 + 140 s‘ was determined separately via 
observation of the step response of the ion’s os- 
cillation to a coherent drive (Fig. 3). Both meth- 
ods give consistent values of the power, of up to 
3.4 (£0.5) x 10°? J/s, depending on AT (Fig. 4A). 
This represents a power-to-particle ratio of 1.5 kKW/ 
kg, comparable to that of a typical car engine, 
indicating that the power scales approximately 
with the number of particles of the working agent. 

We further calculated analytically the engine 
output power using the expression for work per- 
formed during a single cycle: 


Wana = -¥F,(2) 20) ar (4) 


The driving force F, is calculated from Eq. 3, 
accounting for the temperature variations of the 
ion determined as shown in Fig. 2C and neg- 
lecting the weak z dependence. The resulting 
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motion 2(t) is derived assuming expressions of 
a resonantly driven damped harmonic oscillator. 
Thus, for the output power, we find 
Wana  4kg sin®(nd) tan? AT? 

teye mny|(d? - d)ro| 


Pana = 


= (8.8 x 10°7° Js 1K~?)AT? (5) 


This analytical formula is plotted using experi- 
mental parameters in Fig. 4A and is in agreement 
with the measured Poo. 

We further evaluated the efficiency of the 
engine, Neye = Weyc/Qy, from the measured data 
by determining the heat absorbed from the hot 
reservoir, Qy7 = JTS, from the TS diagram shown 


in Fig. 4B. Here, S denotes the entropy of a ther- 
mal harmonic oscillator, S = kp[1 + In(kg7/ho,)] 
(22, 25). To this end, we transformed the mea- 
sured data of the cycle in Fig. 2B according to 
{o,,7,}—{S, T}. Using the above analytical ap- 
proach, we find 


4k, sin?(xd) tan? 6 AT 
myo, [(a? - d)rol” 


= (0.041K™)AT 


(6) 


The resulting efficiencies (Fig. 4C) reach values 
UP tO Nye = 0.28 + 0.07%, in agreement with the 
analytical expectation. A comparison of this val- 
ue with the corresponding efficiency at maximum 
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Fig. 4. Power and efficiency of the heat engine. (A) Power of the engine, calculated from the measured 


cycles (orange) and from a direct analysis of the amplitude (gray). The temperature differences AT were 
achieved by varying the electric-field noise (circles) and the duty cycle of heating and cooling (triangles). 


The measured cycle data are consistent with the expected value from analytical calculations (blue line). 
The larger error bars of the gray data stem from the uncertainty on the damping coefficient y. (B) The heat 
engine cycle, corresponding to Fig. 1D; temperature is shown relative to 568 mK and entropy relative to 
179.6 x 10-*4 J/K. Both work and efficiency can be derived from integrating this cycle. The square (dotted 
line) represents the equivalent Carnot cycle for the full range of parameters and shows the case of the 


theoretical maximum efficiency. (©) Measured efficiency as a function of AT, which was tuned by varying 
the noise amplitude (circles) or the duty cycle (triangles), compared to the result of the analytical 


calculation (blue line). 
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power, given by the Curzon-Ahlborn (26) formula 
Nca = 1-1/T1/T2 = 1.9%, reflects that the cur- 
rent trap parameters do not correspond to the 
optimal point (74). The performance of future 
single-ion heat engines could be improved by re- 
designing the geometry of the trap to have cycles 
with a higher range of frequencies @, (see Fig. 
4B). This could be achieved by increasing either 
the angle of the taper or the absolute radial trap 
frequencies. 

We have demonstrated a realization of a heat 
engine whose working agent is a single atom. This 
classical device offers a broad platform for future 
experiments investigating, for instance, machines 
coupled to nonthermal reservoirs (27) or single- 
ion refrigerators and pumps (28). Moreover, the 
quantum regime (kgT ~ hw,) could be reached by 
replacing Doppler cooling by electromagnetically 
induced transparency cooling or side-band cool- 
ing (0), as in the recent verification of the quantum 
Jarzynski equality (29). In the quantum domain, 
dark-state thermometry could be replaced by side- 
band spectroscopy, again allowing for the determi- 
nation of the cycle of the engine and thus its power 
and efficiency. Such a system would permit the 
study of the performance of small quantum ma- 
chines (30, 37) and the exploration of genuine 
quantum effects in thermodynamics, such as quan- 
tum coherences (32) and correlations (33), as well 
as the testing of predictions of quantum resource 
theory (34, 35). 
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Pre-transmetalation intermediates in 
the Suzuki-Miyaura reaction 
revealed: The missing link 


Andy A. Thomas and Scott E. Denmark* 


Despite the widespread application of Suzuki-Miyaura cross-coupling to forge 
carbon-carbon bonds, the structure of the reactive intermediates underlying the key 
transmetalation step from the boron reagent to the palladium catalyst remains 
uncertain. Here we report the use of low-temperature rapid injection nuclear magnetic 
resonance spectroscopy and kinetic studies to generate, observe, and characterize 
these previously elusive complexes. Specifically, this work establishes the identity 

of three different species containing palladium-oxygen-boron linkages, a tricoordinate 
boronic acid complex, and two tetracoordinate boronate complexes with 2:1 and 

1:1 stoichiometry with respect to palladium. All of these species transfer their 
boron-bearing aryl groups to a coordinatively unsaturated palladium center in the 


critical transmetalation event. 


alladium-catalyzed cross-coupling reactions 

have fundamentally changed the practice 

of organic synthesis. These reactions forge 

carbon-carbon bonds through the migra- 

tion of a carbon-based substituent from a 
main group element to palladium, as exemplified 
by the Kumada-Tamao-Corriu (Mg) (7), Suzuki- 
Miyaura (B) (2), Stille-Migita-Kosugi (Sn) (3), 
Negishi (Zn) (4), and Hiyama-Denmark (Si) (5) re- 
actions. The Nobel Prize-sharing Suzuki-Miyaura 
reaction (6) is currently the premier cross-coupling 
process and has been widely applied in organic 
(7), medicinal (8), and materials (9) chemistry. It 
is also frequently used in the industrial syntheses 
of fine chemicals (10) and pharmaceuticals (77) 
because of its demonstrated reliability, its func- 
tional group compatibility, and the low cost and 
ease of handling of a wide variety of commer- 
cially available boron-based reagents. 

Despite the preeminent status of the Suzuki- 
Miyaura reaction, a fundamental understanding 
of the critical migratory transmetalation event 
from boron to palladium has thus far been lack- 
ing (12-18). For decades, chemists have consid- 
ered two pathways (path A and path B in Fig. 1) 
that differ in the role that the hydroxide ion 
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plays in initiating the transmetalation event. 
Path A proceeds through the combination of a 
negatively charged aryltrihydroxyboronate (com- 
pound 1) and a palladium halide complex (2), 
which form a hypothetical intermediate con- 
taining a Pd-O-B unit (3). The alternative path B 
proceeds through the combination of a neutral 
arylboronic acid (4) and a palladium hydroxide 
complex (formed through the displacement of the 
organopalladium halide by hydroxide; 5), ultimately 
converging to the same intermediate 3, which is 
then poised to transfer the aryl group to pal- 
ladium in an intramolecular B-aryl elimination 
step, followed by reductive elimination (Fig. 1). 
Species such as 3 represent the missing link be- 
tween the starting organoboron reagents and the 
diorganopalladium intermediates that are known 
to afford cross-coupling products. 

The role of the base in the Suzuki-Miyaura re- 
action was investigated initially by the Soderquist 
laboratory (72) and, more recently, by the labo- 
ratories of Hartwig (73), Amatore and Jutand 
(14-16), and Schmidt (/7, 18). The kinetic analysis 
in (13) established that path B is favored over 
path A by more than four orders of magnitude, 
a conclusion that is reinforced by the extensive 
kinetic studies in (14-16), which clearly identi- 
fied multiple antagonistic roles for the hydrox- 
ide ion. Although nuclear magnetic resonance 
(NMR) spectroscopic and kinetic studies have 
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Fig. 1. Palladium-catalyzed cross-coupling reactions and proposed transmetalation pathways 
in the Suzuki-Miyaura process. R indicates an organic group. Compound numbers are shown in bold 


in the lower panel. 


provided independent evidence for these path- 
ways, the actual composition and structure of 
the transmetalation precursors have not been 
unambiguously defined, despite being widely as- 
sumed. Because of the transient nature of these 
intermediates, traditional methods (e.g., electro- 
spray mass spectrometry and traditional NVR 
spectroscopy) have proven incapable of charac- 
terizing highly reactive intermediates such as 3 
(19, 20). Although the intermediacy of a species 
containing a Pd-O-B linkage has been proposed, 
its observation and characterization have eluded 
chemists for over 30 years (27). A recent review 
by Lennox and Lloyd-Jones (22) states that “[tJhe 
barrier of this process was predicted computa- 
tionally to be low (14-22 kcal mol), suggesting 
specialist techniques will need to be applied to 
detect and confirm the identity of [3] experimen- 
tally.” One such technique that has proven valua- 
ble for providing structural and kinetic data in 
similar mechanistic studies is rapid injection 
NMR (RI-NMR) (23). 

Aided by the RI-NMR apparatus developed in 
our laboratories (24), we have undertaken the 
generation and structural and kinetic character- 
ization of these elusive intermediates. We hypoth- 
esized that combining stoichiometric amounts of 
arylpalladium complex trans-(i-Pr3P)o(4-FCgH4) 
Pd(OH) (6) with 4-fluorophenylboronic acid (7) 
(Fig. 2, route 1), or trans-(7-Pr3P)(4-FCgH,)Pd() (8) 
with thallium 4-fluorophenylboronate (10) (Fig. 
2, route 2), should converge on a species whose 
structure and kinetic competence can be exam- 
ined. The choice of triisopropylphosphine (7-Pr3P) 
was critical to allow the preparation of discrete, 
stable precursors and also to facilitate structural 
assignments (25, 26). 

The synthesis in route 1 involved the addition 
of a tetrahydrofuran-dg (THF-dg) solution of 
4-fluorophenylboronic acid (7) to a THF-dg so- 
lution of trans-(i-Pr3P)2(4-FCgH4)Pd(OH) (6), to- 
gether with 2.0 equivalents of 7-Pr3P, at -78°C (Fig. 
2). Although no new species were observed at 
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—60°C, warming the solution to -30°C resulted in 
the quantitative conversion of compounds 6 
and 7 to a new species. The combination of one- 
and two-dimensional NMR spectroscopic tech- 
niques executed at —30°C led to the structural 
elucidation of the newly formed species as com- 
plex 11, containing a Pd-O-B linkage (supplemen- 
tary materials, figs. S1 to S10). 

The coordination geometry was assigned to a 
trans-bisphosphino square planar palladium com- 
plex. This assignment was based on the obser- 
vation of the “C NMR signal (PCH) at 25.38 parts 
per million (ppm) as an apparent triplet Up.c = 
10 Hz; J is the coupling constant between the 
phosphorus and carbon atoms) attributable to vir- 
tual coupling (27) and the *"P NMR signal at 29.98 
ppm (a solitary singlet), which is shifted slightly 
upfield compared with the corresponding reso- 
nance of 6 at 33.00 ppm (figs. S2 and S4). 

The bonding connectivity of complex 11 was 
established by the observation of strong through- 
space interactions [nuclear Overhauser effect 
(NOE) spectroscopy] of both H;, and Hg (hydrogens 
in the b and d positions) with the methyl hydro- 
gens on the 7-PrsP group (Fig. 2, blue arrows, and fig. 
$10). In addition, cross peaks between the B-OH 
group and the zpso-carbon [C(1)]-bearing boron 
CJeoru-ca) were observed in the heteronuclear 
multiple-bond correlation (HMBC) spectrum (Fig. 
2, red bonds, and fig. S9). The resonances for H, 
and Hy, (Fig. 2, blue aryl) and H, and Hg (green 
aryl) are shifted slightly downfield (+0.07 to 
+0.16 ppm) in complex 11, compared with sub- 
strates 6 and 7 (table S1). The resonances for the 
fluorine atoms in 11 [F, (blue aryl) and F, (green 
aryl)] are both shifted upfield relative to those 
associated with 6 and 7, but the change was much 
more pronounced for Fi, (-4.54 to -0.91 ppm), 
which facilitated their identification. 

Most importantly, the boron atom in complex 
11 was assigned to a tricoordinate geometry [6- 
B-3 (28)] on the basis of the "B NMR signal, which 
appeared as a broad singlet at 29 ppm (table S1)— 


well within the chemical shift regime for 6-B-3 
boron compounds (29). Related 6-B-3 complexes 
of arylboronic and diarylborinic acids with Pt and 
Rh have been synthesized and exhibit "B NMR 
resonances similar to that of 11 (30, 3D. 

To provide additional evidence for the struc- 
ture of 11, an independent synthesis was carried 
out (route 2). This synthesis involved combin- 
ing trans-(i-Pr3P).(4-FCgH,)Pd(1) (8) with 3.0 
equivalents of thallium 4-fluorophenylboronate 
(10) in the presence of dibenzo-22-crown-6 (32), 
together with 1.0 equivalent of 7-Pr3P in THF, at 
—78°C; this was followed by warming to -30°C in 
the NMR spectrometer (Fig. 2). A small amount 
of conversion (~10%) to complex 11 was observed, 
together with cross-coupling product 13 (~30%), 
by *P and °F NMR spectroscopy, demonstrat- 
ing that intermediate 11 can be formed without 
the intermediacy of arylpalladium hydroxide 
complexes (33). 

To support the assertion that the boron atom 
in 11 is tricoordinate (6-B-3), a second independent 
synthesis of 11 was undertaken (route 3). A solu- 
tion of arylpalladium hydroxide complex 6 and 
4-fluorophenylboroxine 12 (0.33 equivalents) in 
THF-dg was combined with 2.0 equivalents of 
7-PrsP at -78°C in an NMR tube, which was quickly 
inserted into the NMR spectrometer that had been 
pre-cooled to -60°C, whereupon complex 11 was 
observed (Fig. 2, route 3). A ~50% conversion to 
11 was observed at —60°C over 36 hours, along 
with cross-coupling product 13. The similarity of 
the spectroscopic data (including the NOE spec- 
troscopy cross peaks and the “B NMR chemical 
shifts; figs. S13 to S21) for the species generated 
from the three independent syntheses provides 
compelling support for the structural assignment 
of 11 as a 6-B-3 palladium(I]) complex containing 
a Pd-O-B linkage. 

The formation of 6-B-3 complex 11 must pro- 
ceed via an 8-B-4 complex (such as 3; Fig. 1) that 
is formed initially which then suffers by the rapid 
loss of a molecule of water. We attempted to shift 
the equilibrium toward such a complex by gen- 
erating 11 in mixtures of THF and H,O (99:1), 
but we observed no change in the “'P, °F, or "B 
NMR spectra. We considered exploring more 
strongly coordinating hydroxide sources that are 
often used in Suzuki-Miyaura reactions, but the 
addition of inorganic bases to THF-H,0 blends is 
known to form biphasic mixtures (73). Fortu- 
nately, CCOH*H,O dissolves readily at -30°C in 
mixtures of THF and CH3OH (12:1). A freshly gen- 
erated sample of 6-B-3 complex 11 (from 6 and 7; 
vide supra) at 0.034 M in THF was cooled to —78°C; 
this was followed by the addition of 50 ul of a2 M 
solution (5.0 equivalents) of CCOH*H,O in meth- 
anol. The sample was monitored by NMR spec- 
troscopy at -30°C, but again, no change in the 
19F 31p or ™B NMR spectra was observed. 

The resistance of the boron atom in complex 
11 to adopt a tetracoordinate geometry is prob- 
ably caused by the steric hindrance that results 
from the presence of two 7-PrsP ligands on the 
palladium atom (F- and B-strain) (34). Thus, to 
enable saturation of the boron valences would re- 
quire a decrease in steric congestion, achieved by 
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6 [quantitative] 
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* ss) 


1) 
“OH 


Fig. 2. Formation of a 6-B-3 complex containing a Pd-O-B linkage. The crossing lines for com- 
pound 12 signify a cyclic trimer. In the middle panel, the red bonds indicate HMBC cross peaks. 
Throughout, h indicates hours; equiv, equivalents; conv., conversion; quantitative, 100% conv. 


removing a 7-PrsP ligand from arylpalladium 
hydroxide complex 6. This hypothesis led to the 
investigation of monoligated arylpalladium hy- 
droxy complex, [(i-Pr3P)(4-FCgH,)Pd(OH)]> (17), 
which exists in dimeric form in both solution 
and solid states (35). 

The addition of a THF-dg solution of 7 (2.0 equiv- 
alents) to a THF-dg solution of 17 (1.0 equivalent) at 
-78°C, followed by warming to —60°C, produced 
no new complexes. However, upon cooling the solu- 
tion to -100°C, a new species emerged, with complete 
consumption of 17 and with 50% of 7 remaining 
(Fig. 3, route 4). The structure of this species 
could be assigned as the bridged bis-arylpalladium 
arylboronate complex (18), which is reminiscent 
of other palladium acetate and carbonate com- 
plexes (36, 37). The stoichiometry of complex 18 
was determined by adding a THF-d, solution of 
7 (1.0 equivalent) to a THF-dg solution of 17 (1.0 
equivalent) at -60°C, followed by cooling to 
-100°C, where a quantitative conversion was ob- 
served. This dinuclear complex did not incorporate 
another molecule of 7, even in the presence of 3 
additional equivalents of '7 at -100°C. However, 
exchange spectroscopy showed cross peaks be- 
tween 18 and unbound 7 at —100°C, demonstrat- 
ing that the system was in equilibrium even at this 
temperature. This stoichiometry (1B:2Pd) is at- 
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 - Se Ce 
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tributed to the thermochemical preference for 
Pd-(u-OH)-Pd moieties, which is observed in 
other bridged mixed-hydroxide complexes (38). 

The connectivity of the Pd-O-B linkage in 18 
was confirmed by the observation of NOEs be- 
tween Hj, Ha, and the bridging OH group with 
the methyl hydrogens on the 7-PrsP group. The 
observation of NOE cross peaks, along with HMBC 
@Jpou-ca) cross peaks between the BOH and the 
ipso-carbon-bearing boron (red bonds), indicates 
that the arylboronic acid and arylpalladium hy- 
droxide are connected. The "B NMR chemical 
shift of 18 was too broad to determine accurately. 
The broadening of the “B NMR signal in complex 
18 is probably attributable to the chemical ex- 
change between 7 and 18. 

To further aid in the structure determination of 
18, we combined 3.0 equivalents of thallium aryl- 
boronate 10 with [(7-Pr3P)(4-FCgH,)Pd]. (19) in 
THF-ds at -78°C and then warmed the sample to 
-50°C (Fig. 3, route 5). Cooling the mixture to —100°C 
resulted in the observation of complex 18 (~50%) 
by ‘H NMR spectroscopy. The ability to forge the 
Pd-O-B linkage in 18 by two routes provides com- 
pelling support for the structural assignment. 

In an attempt to arrive at a different stoichiom- 
etry (1B:1Pd), 60 ul of CH,0H was injected into 
a THF-d, solution of 18 with 1.0 equivalent of 7 


Fig. 3. Formation of 8-B-4 complexes containing Pd-O-B linkages. 
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(from 17 and ‘7; vide supra), which resulted in 
the quantitative formation of a new species (20) 
(Fig. 3). The presence of a Pd-O-B linkage in 20 
was established by the observation of NOE cross 
peaks between the methyl hydrogens on the 
i-Pr3P and both Hy, and Hg (Fig. 3, blue arrows, 
and fig. $57). The “B NMR chemical shift of 20 
at 9 ppm is well within the characteristic chem- 
ical shift regime of tetracoordinate (8-B-4) com- 
plexes (12, 13, 39). The proposed Pd-O-B-O core 
can be found in an analogous bridging arylpal- 
ladium acetate complex (40, 41). 

The ability to generate intermediate species 
containing Pd-O-B linkages provided a singular 
opportunity to examine the kinetic aspects of the 
transmetalation event in the Suzuki-Miyaura cross- 
coupling reaction. The transfer of the aryl group 
from boron to palladium was investigated by using 
NMR spectroscopy to follow the decay of com- 
plex 20 and the concomitant formation of cross- 
coupling product 13. 

The addition of CH3;OH into a THF solution 
of 18 and 7 at —55°C led to the generation of 
20. The subsequent formation of cross-coupling 
product 13 was monitored by °F NMR spectros- 
copy at -30°C (to expedite data collection). First- 
order plots of [20] and [13] versus time (figs. S62 
to S64) were fitted by using the functions [A] = 
[Aloe and [P] = [A]lo(1 - e”, respectively, 
where [A] is the concentration of 20, [A] is the 
initial concentration of 20, [P] is the concentra- 
tion of 13, & is the rate constant, and t is time. 
These functions provided accurate values for Kops 
(the observed kinetic constant) for the decay of 
20 [(1.41 + 0.02) x 10° s “J and the formation of 
13 [(1.55 + 0.09) x 10°? s7}; Fig. 4.A]. 

A similar kinetic analysis was performed in pure 
THF by combining a THF solution of 7 (2.0 equiv- 
alents) with a THF solution of 17 (1.0 equivalent) at 
-78°C, followed by warming the sample to -30°C. 
First-order decay of arylpalladium complex 18 and 
the formation of 13 were observed with k,,, values 
of (7.59 + 0.58) x 10~*s and (5.78 + 0.13) x 10-*'s"}, 
respectively (figs. S65 to S67), indicating that the 
decay of 18 and the formation of 13 coincide. The 
correspondence of these rate constants and the 
clean first-order behavior suggests that at -30°C, 
18 is largely converted to 20 (sufficient 7 is present 
to allow this) (42). Moreover, the similarity of 
the rate constants in THF and 
the THF-CH;0H mixture further 
supports the conclusion that 18 
is converted to 20 before trans- 
metalation (Fig. 4A) (43). 

The generation of 6-B-3 complex 
11, with its Pd-O-B linkage, raised 
the question of whether this com- 
plex is a competent intermediate in 
the Suzuki-Miyaura reaction. Com- 
plex 11 was thermally stable at 
—30°C in the presence of an excess 
of PrP for over 24: hours, indicat- 
ing that added phosphine attenuates 
the rate of the transmetalation 
process. A THF solution of this 
complex was warmed from —30°C 
in 10°C intervals, whereupon a 
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Fig. 4. Kinetic data. (A) Formation of 13 from 8-B-4 complexes 18 and 20 (negative signs indicate consumption of starting material). (B) Inverse order 
dependence on [i-Pr3P] for the formation of 13 from 6-B-3 complex 11. 


considerable amount of cross-coupling product 13 
was observed by means of ‘°F NMR spectroscopy 
at 20°C over the course of 3 to 12 hours. A plot of 
[11] versus time displayed s-shaped curves (figs. 
S68 to S91), signifying that the 1, increases during 
the course of the reaction (which is indicative of 
autocatalysis) (44). 

To confirm the kinetic requirement for phos- 
phine dissociation in the cross-coupling of 11, the 
kinetic order in phosphine was determined by 
adding a THF solution of 7 to a solution of 6 
with increasing amounts of 7-PrsP, ranging from 
97 to 294 mM, at 20°C (Fig. 4B). The s-shaped 
kinetic profiles were fitted, and a v,,,, (maximum 
rate) was extracted from the data (45). A plot of 
log[Umax] versus log[7-Pr3P] gave a slope of -1.05 + 
0.05 (fig. S92), which is consistent with an in- 
verse dependence on phosphine, indicating that 
dissociation of a phosphine is a pre-equilibrium 
process that leads to the hypothetical 14-electron 
palladium complex 15. Because 15 is formed in 
such a low-equilibrium concentration, it is not 
possible to determine whether transmetala- 
tion occurs directly from this 6-B-3 species or 
whether it requires the coordination of another 
group on boron to form species related to 20. 
Although very low levels of halide and water are 
present, the coordination state of boron in the 
transmetalation event cannot be unambiguously 
established. 

Through the combination of three methods of 
investigation (spectroscopic analyses, independent 
syntheses, and kinetic measurements), we have 
unambiguously identified and characterized three 
pre-transmetalation species containing Pd-O-B 
linkages that undergo the Suzuki-Miyaura cross- 
coupling reaction. Despite the long-held assump- 
tion that these types of intermediates are involved 
in the transmetalation event, our study provides 
the first definitive evidence for their involvement. 
We have demonstrated that both tetracoordinate 
(18 and 20) and tricoordinate (11) boron com- 
plexes containing the critical Pd-O-B moieties 
are able to transfer their B-aryl groups to pal- 
ladium. Moreover, our investigations establish 
that an empty coordination site on the palladium 
atom is needed for the transmetalation event to 
take place from all three Pd-O-B-containing spe- 
cies. We foresee these results serving as a plat- 
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form for further investigations of the venerable 
Suzuki-Miyaura cross-coupling process. 
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ELECTROCHEMISTRY 


Homogeneously dispersed multimetal 
oxygen-evolving catalysts 


Bo Zhang,””* Xueli Zheng,”** Oleksandr Voznyy,'* Riccardo Comin,’ Michal Bajdich,*”* 
Max Garcia-Melchor,*”* Lili Han,”** Jixian Xu,' Min Liu,’ Lirong Zheng,’ 
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Alyf Janmohamed,' Huolin L. Xin,® Huagui Yang,° 

Aleksandra Vojvodic,*”*+ Edward H. Sargent'+ 


Earth-abundant first-row (3d) transition metal—based catalysts have been developed for 
the oxygen-evolution reaction (OER); however, they operate at overpotentials substantially 
above thermodynamic requirements. Density functional theory suggested that non-3d 
high-valency metals such as tungsten can modulate 3d metal oxides, providing near- 
optimal adsorption energies for OER intermediates. We developed a room-temperature 
synthesis to produce gelled oxyhydroxides materials with an atomically homogeneous metal 
distribution. These gelled FeCoW oxyhydroxides exhibit the lowest overpotential (191 millivolts) 
reported at 10 milliamperes per square centimeter in alkaline electrolyte. The catalyst 
shows no evidence of degradation after more than 500 hours of operation. X-ray 
absorption and computational studies reveal a synergistic interplay between tungsten, 
iron, and cobalt in producing a favorable local coordination environment and electronic 
structure that enhance the energetics for OER. 


fficient, cost-effective, and long-lived elec- 

trolysers are a crucial missing piece along 

the path to fuels synthesized with renew- 

able electricity (7, 2). The bottleneck in im- 

proving water-splitting technologies is the 
oxygen-evolving reaction (OER), in which even 
the most efficient precious-metal catalysts require 
a substantial overpotential (n) to reach the desired 
current densities of >10 mA cm” (2, 3). Research- 
ers have explored earth-abundant first-row (3d) 
transition-metal oxides (4-9), including 3d metal 
oxyhydroxides (4, 5), oxide perovskites (7), cobalt 
phosphate composites (6), nickel borate com- 
posites (10), and molecular complexes (9, 17). The 
OER performance of multimetal oxides based on 
iron (Fe), cobalt (Co), and nickel (Ni) is partic- 
ularly promising, and OER activity often out- 
performs that of the corresponding single-metal 
oxides (5, 12-15). 
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We examined whether multimetal oxide OER 
catalysts could be improved by systematically 
modulating their 3d electronic structure. Prior 
results suggest that the introduction of addi- 
tional metals has a limited impact on the be- 
havior of the 3d metals, likely because of their 
undesired separation into two noninteracting 
metal oxide phases (16, 17). For modulation, we 
focus in particular on tungsten (W), which in its 
highest oxidation state is a structurally versatile 
coordination host (9, 11). We began with compu- 
tational studies aimed at identifying effects of 
W-modulation of the local coordination environ- 
ment and the impacts on the resulting electronic 
structure and on the consequent energetics of 
the OER. The OER performance of unary Co, Fe, 
and Ni oxides has been well established both 
from theory and experiment (74, 15, 18). Previous 
computational studies show that the OER ac- 
tivity is mainly driven by the energetics of the 
OER intermediates (*OH, *O, and *OOH) on the 
surfaces, with the O to OH adsorption energy 
difference being the main descriptor for the ob- 
served activity trends among these materials 
(14, 15, 18). Binary metal oxides such as Ni-Fe 
and Co-Fe, as well as doped unary oxides, have 
also been investigated, and their activity can 
also be predicted by using the above-mentioned 
descriptor-based approach (5, 12, 13). Theoretical 
studies suggest that for a given unary metal 
oxide, the energetics of OER intermediates can 
be modulated by incorporating metal elements, 
and that in turn these tune the catalytic activity 
of these materials. 

Theoretical calculations of ternary and higher 
mixtures of oxides have been hindered by the 
complexity of these materials and the associated 
computational cost. We simplified our approach 


by starting from the calculated OER energetics 
for the pure B-CoOOH, y-FeOOH, and WO; phases 
and estimating the effect of alloying on the en- 
ergetics of OER intermediates via simple linear 
interpolation arguments. Our density functional 
theory plus U (DFT+U) calculations revealed that 
the adsorption energy of OH is too strong on 
the FeOOH(010) surface, whereas it is too weak 
on the CoOOH(01-12) and WO,(001) surfaces 
(Fig. 1A) (19). To test the interpolation principle, 
we next calculated the OH adsorption energy on 
the Fe-doped CoOOH(01-12) surface: This energy 
falls approximately halfway between the one ob- 
tained for the unary COOOH(01-12) and FeEOOH(010) 
surfaces. Similarly, adding Co into WO;(001) or 
adding W into CoOOH(01-12) led to an averaged 
OH adsorption energy for the CoWO, system (20) 
and W-doped CoOOH(01-12). By extending this 
scheme to ternary Co-Fe-W metal-oxide systems, 
we estimate that FeW-doped CoOOH(01-12) should 
result in near-optimal *OH energetics for OER. 

Next, we proceeded to calculate the energetics 
of all intermediates (“‘OH, *O, and *OOH) and 
extracted overpotentials for the set of unary and 
Fe- and W-doped surfaces mentioned above [com- 
putational methodology is provided (19)]. Given 
the plethora of possible ternary Co-Fe-W oxide 
alloys, we limited our computational study to the 
investigation of the above active site motifs, which 
are also expected to benefit from the interpolation 
scheme of Fig. 1A. We chose to study only the 
chemistry of substitutionally metal-doped surface 
sites. All calculated theoretical OER overpoten- 
tials shown in the two-dimensional (2D) volcano 
plot of Fig. IB support the general validity of the 
interpolation scheme not just for *OH energetics, 
but also for the O to OH adsorption energy 
difference, denoted as AGo-AGox. The potential 
limiting kinetic barriers for the reaction were also 
experimentally determined and found to be small 
compared with thermodynamics (19). The tunability 
of adsorption energies upon alloying would hence 
allow for substantial improvement in OER activity. 

We found that the OER activity of the unary 
pure CoOOH(01-12) surface can be improved via 
single-site doping with subsurface Fe atoms. This 
improvement can be attributed to the change in 
AGox and also in AGg-AGoy at the Co-site and 
can be rationalized by the difference in electron 
affinity between Co** (at the surface) and Fe** 
(subsurface) sites. Furthermore, adding a W dop- 
ant in the vicinity of the Co active site of the Fe- 
doped CoOOH surface (Fig. 1B, inset) further 
improves the energetics for OER. The substitution 
of a W dopant at a Co site results in (i) migration 
of protons away from W, which prefers the W°* 
formal oxidation state, toward oxygen at Co sites, 
and (ii) compressive strain of larger W atoms on 
the surrounding Co sites. As a result of these 
geometric and electronic changes, we identified 
a favorable direct O. mechanism for OER with a 
theoretical overpotential of only 0.4 V compared 
with the standard electrochemical OOH mecha- 
nism [computational methodology details are 
provided in (19)]. 

In light of these findings, we sought to devise a 
controlled process to incorporate W** into FeCo 
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Fig. 1. Tuning the energetics 
of OER intermediates via 


A OH Energetics B . 
alloying. (A) Change in OH Weaker cae) r 
adsorption energetics (AGox) *Co r 
as a function of increasing @Fe 
composition obtained by y ew 112 orf2 i) 


interpolation between the 
calculated pure phases: 

WO3 (001), CoOOH (01-12), 
FeOOH (010), and CoWO, 
(010) (20). (B) OER activities 
of pure Fe,Co oxyhydroxides 

and W,Fe-doped Co oxyhy- A on) 

droxides, cobalt tungstate, 

and W oxides calculated with 

DFT+U. The optimum is obtained 

for WFe-doped B-CoOOH (table S1). (Insets) Optimized structures and location of dopants 
and active sites at the potential limiting step. DFT+U methodology and detailed information 
about these systems are available in (19). 
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Fig. 2. Preparation of G-FeCoW oxyhydroxides catalysts. (A) Schematic illustration of the preparation 
process for the gelled structure and pictures of the corresponding sol, gel, and gelled film. (B) HAADF- 


SI 
SI 


TEM image of nanoporous structure of G-FeCoW. (C) SAED pattern. (D) Atomic-resolution HAADF- 
TEM image. (E) EELS elemental mapping from the G-FeCoW oxyhydroxides sample. 
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oxyhydroxides in an atomically homogeneous 
manner. We explored a room-temperature sol- 
gel procedure that would feature precursors mixed 
in a homogeneous manner that would be hydro- 
lyzed at a controlled rate so as to achieve atomic 
homogeneity. First, we dissolved inorganic metal 
chloride precursors in ethanol. These were con- 
trollably hydrolyzed in order to produce a multi- 
metal oxyhydroxide gel via a room-temperature 
sol-gel process (Fig. 2A) (21). The hydrolysis rates 
of CoCls, FeCl3, and WClg¢ vary greatly, so very 
low concentrations of water and propylene oxide 
were used to tune their hydrolysis independently— 
a strategy that we anticipated could lead to the 
desired homogeneous spatial distribution of the 
three metallic elements (19). 

After supercritical drying with COs, the gel 
transformed into amorphous metal oxyhydroxides 
powders. From inductively coupled plasma op- 
tical emission spectrometry (ICP-OES) analysis, 
we determined the molar ratio of Fe:Co:W to be 
1:1.02:0.70. Atomic-resolution scanning transmis- 
sion electron microscopy (STEM) performed in 
high-angle annular dark field (HAADF) mode 
(Fig. 2D and fig. S5A), combined with selected- 
area electron diffraction (SAED) analysis (Fig. 2C), 
revealed the absence of a crystalline phase. X-ray 
diffraction (XRD) (fig. S2A) further confirmed 
that the gelled FeCoW is an amorphous phase 
(19). The STEM measurements show a crumpled 
and entangled structure composed of nanosheets 
and nanopores (Fig. 2B). Electron energy loss 
spectroscopy (EELS) elemental maps with sub- 
nanometer resolution (Fig. 2E) showed a uniform, 
uncorrelated spatial distribution of Fe, Co, and W. 
The statistics of the atom-pair separation dis- 
tances, obtained from the STEM elemental maps, 
show that the nearest-neighbor separations of all 
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Fig. 3. Surface and bulk x-ray absorption spectra of G-FeCoW oxyhydroxide catalysts and A-FeCoW controls. (A) Surface-sensitive TEY XAS scans at 
the Fe L-edge before and after OER at +1.4 V (versus RHE), with the corresponding molar ratio of Fe** and Fe°* species. (B) Surface-sensitive TEY XAS scans at 
the Co L-edge before and after OER at +1.4 V (versus RHE). (C) Bulk Co K-edge XANES spectra before and after OER at +1.4 V (versus RHE). (Inset) The 
zoomed in pre-edge profiles. The Co K-edge data of Co(OH)2 and CoOOH are from (30). (D) Bulk W L3-edge XANES spectra before and after OER at +1.4 V 
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Table 1. Comparison of catalytic parameters of G-FeCoW and controls. 


On gold foam 


Samples Overpotential* 


(mV) 


215 (+6) 


232 (+4) 


Overpotential* 


On glassy carbon electrode (GCE) 


TOFt 


(mV) (s’) (mV) 


277 (43) 346 (+4) 


301 (+4) 405 (+2) 


Overpotential* 


On Au(111) 


References 
AH (kJ mol”) at 17=300 mV 


NiFe LDH/ GO = 


*Obtained at the current density of 10 mA cm, without iR correction. 
+Obtained from the LSV plots at the current density of 4 mA cm” in 0.1 M KOH aqueous solution. 


sites. 


two-metal atom pairs are highly consistent (figs. 
$3, S4, and S6, A to E) (19). This homogeneity 
results from (i) the homogeneous dispersion of 
three precursors in solution and (ii) controlled 
hydrolysis, the latter enabling the maintenance 
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of the homogeneous phase in the final gel state 
without phase separation of different metals 
caused by precipitation. In contrast, conventional 
processes (17), even when their precursors are 
homogeneously mixed, result in crystalline products 


tObtained at 95% iR corrected n = 300 mV, assuming all loaded 3d-metal atoms as active 


8Obtained at 280 mV in 1M NaOH aqueous solution. 


formed heterogeneously during the annealing 
process leading to phase separation caused by 
lattice mismatch. For structural comparison with 
prior sol-gel reports that used an annealing step 
(17), we annealed the samples at 500°C and 
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then found crystalline phases (figs. S5B, high- 
resolution TEM images, and S2B, XRD) that 
included separated Fe,0,, Co304, and CoWO,. 
Elemental mapping of this sample (fig. S6, Al to 
El) further confirmed the phase separation of 
Fe from Co and W atoms (19). 

We investigated the influence of incorporating 
W (with its high oxidation state) on the elec- 
tronic and coordination structures of Fe and Co 
using x-ray absorption spectroscopy (XAS). We 
examined (i) conventionally layered double hy- 
droxides of FeCo (LDH FeCo) that have the same 
structure as the state-of-the-art OER catalysts 
(LDH NiFe) (22), (ii) FeCo oxyhydroxides (with- 
out W) prepared via the annealing-free sol-gel 
process (gelled FeCo, labeled G-FeCo), (iii) gelled 
FeCoW oxyhydroxides (G-FeCoW), and (iv) an- 
nealed G-FeCoW at 500°C (A-FeCoW). 

To evaluate the change of oxidation states of 
metal elements during OER, we performed XAS 
on the G-FeCoW and A-FeCoW samples before 
and after OER; the latter condition was realized 
by oxidizing samples at +1.4 V versus the reversible 
hydrogen electrode (RHE) in the OER region. 
XAS in total electron yield (TEY) mode provides 
information on the near-surface chemistry (be- 
low 10 nm). We acquired TEY data at the Fe and 
Co L-edges on samples prepared ex situ. For com- 
parison, on the same samples we also measured 
in situ XAS (during OER) at the Fe and Co K- 
edges via fluorescent yield, a measurement that 
mainly probes chemical changes in the bulk. TEY 
XAS spectra in Fig. 3A revealed that the surface 
Fe”* ions in G-FeCoW had been oxidized to Fe?* 
at +1.4 V, which is in agreement with thermody- 
namic data for Fe. However, the oxidation states 
of Co in G-FeCoW and A-FeCoW samples were 
appreciably different at +1.4 V. In G-FeCoW, the 
valence states of both surface (Fig. 3B) and bulk 
(Fig. 3C) Co were similar to pure Co*", including 
only a modest admixture with Co”* (fig. S12); in 
particular, the Co-K edge profile closely resem- 
bled CoOOH (23), which is consistent with our 
DFT model. In contrast, in A-FeCoW (in which 
W is phase-separated), even after a potential of 
+1.4 V was applied, the surface (Fig. 3B) and bulk 
(Fig. 3C) manifested a substantially higher Co”* 
content (fig. S12), which is consistent with the 
Co3,0, and CoWO, phases. These oxides had 
been found to be much less reactive in DFT 
simulations (74, 20). The bulk and surface Fe and 
Co edge profiles are shown in figs. S7 to S11 and 
discussed in (19). 

The white lines of W Ls-edge x-ray absorp- 
tion near-edge structure (XANES) spectra of all 
samples in Fig. 3D show that W in G-FeCoW and 
A-FeCoW samples before and after OER has a 
distorted WO, octahedral symmetry (24). The W 
Lz amplitude in pre-OER A-FeCoW was low, a 
finding attributable to the loss of bound water 
during annealing (24). When a +14 V bias was 
applied, the W L, intensity in G-FeCoW increased, 
indicating that the valence of W decreases, which 
is consistent with increased distortion of WO, 
octahedra (24). This result agrees with the results 
of DFT, in which W-doped CoOOH(01-12) is ex- 
pected to produce W residing in a lower oxidation 
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state. These results indicate that Fe and Co also 
inversely influence W in the homogeneous ter- 
nary metal oxyhydroxides. 

In situ extended x-ray absorption fine struc- 
ture (EXAFS) (figs. S13 and S14) on G-FeCoW 
showed a significant decrease in Co-O bond 
distance, from 2.06 to 1.91 A, after a potential 
of +1.4 V was applied. This decrease is consistent 
with the reported results that the Co-O bond 
distance in CoOOH is shorter than that in Co(OH). 
(23). EXAFS data at the Fe edge in G-FeCoW show 
the same trend (figs. S15 and S16). Ex situ EXAFS 
data before OER are also shown in figs. $17 to S20 
and table S3. In contrast, the local structural ar- 
rangement in A-FeCoW remains unchanged at 
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14 V. Overall, we conclude that Co in the G- 
FeCoW structure is more readily oxidized to high 
valence, which is consistent with G-FeCoW being 
more active than the control annealed samples. 
We compared the OER performance of our 
gelled sample G-FeCoW with that of the reference 
samples G-FeCo, LDH FeCo, and A-FeCoW. Rep- 
resentative OER currents of the samples were mea- 
sured for spin-coated thin films (thickness ~ 30 nm) 
(fig. S21) (29) on a well-defined Au(111) single-crystal 
electrode (Fig. 4A) in 1 M KOH aqueous electrolyte 
at a scan rate of 1 mV s” (currents are uncorrected 
and thus include the effects of resistive losses in- 
curred within the electrolyte). The G-FeCoW-on- 
Au(111) required an overpotential of only 315 mV 
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Fig. 4. Performance of G-FeCoW oxyhydroxides catalysts and controls in three-electrode config- 
uration in 1 M KOH aqueous electrolyte. (A and B) The OER polarization curve of catalysts loaded 
on two different substrates with 1 mV s7 scan rate, without iR correction: (A) Au(111) electrode and (B) gold- 
plated Ni foam. (C) Overpotentials obtained from OER polarization curves at the current density of 
10 mA cm’ tested on Au(111), GCE and gold-plated Ni foam, respectively, without iR correction. (D) Arrhenius 
plot of the kinetic current at 1 = 300 mV, tested on Au(111), without iR correction. (E) Chronopotentiometric 
curves obtained with the G-FeCoW oxyhydroxides on gold-plated Ni foam electrode with constant current 
densities of 30 mA cm”, and the corresponding remaining metal molar ratio in G-FeCoW calculated from 
ICP-AES results. (F) Chronopotentiometric curves obtained with the G-FeCoW oxyhydroxides on gold- 
plated Ni foam electrode with constant current densities of 30 mA cm”, and the corresponding Faradaic 
efficiency from gas chromatography measurement of evolved Oo. 
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at 10 mA cm” (Table 1, all current densities based 
on projected geometric area). This potential is 
114 mV lower than that of precipitated FeCo LDH 
fabricated for the present study. When W was not 
introduced, the resultant G-FeCo gelled catalyst re- 
quired an additional overpotential of 31 mV to reach 
a similar current density. When the gelled sample 
was subjected to a postsynthetic thermal treatment 
(500°C anneal), the overpotential of the FeCow 
electrode increased to 405 mV at 10 mA cm™. 

To assess the impact of the electrode support 
and compare the performance of the new cata- 
lysts with the state-of-the-art NiFeOOH, we tested 
on glassy carbon electrode (GCE) using the iden- 
tical three-electrode system and with a catalyst 
loading mass of 0.21 mg cm™. The trend of the 
overpotentials remains the same (fig. S22), with 
the G-FeCoW-on-GCE electrode requiring an 
overpotential of 223 mV at 10 mA cm”. Without 
carbon additives, and without 7R corrections 
(i, current; R, resistance), the G-FeCoW cata- 
lyst consistently outperforms the best oxide cat- 
alysts previously reported (Table 1) (4, 22, 25). 

Next, we investigated whether the OER- 
performance of G-FeCoW originates from intrinsic 
catalytic activity of multimetal active sites or ex- 
clusively from an enhanced surface area. We an- 
alyzed the Brunauer-Emmett-Teller (BET) surface 
area, which allowed us to report normalized kinetic 
current density (referred to as specific activity) as a 
function of potential versus RHE (7). We con- 
firmed that the intrinsic activity of G-FeCoW is 
notably higher than that of the controls and also 
higher than those previously reported (fig. S26) (7). 

The intrinsic activity of G-FeCoW was further 
confirmed by determining the mass activities 
and turnover frequencies (TOFs) for this catalyst. 
We used data obtained on GCE with 95% iR 
correction at n = 300 mV (the remaining data in 
this work are not corrected by 95% 7R, unless 
stated). As shown in Table 1 and tables S5 and S9 
(19), the G-FeCoW catalysts on GCE exhibit TOFs 
of 0.46 s' per total 3d metal atoms and mass 
activities of 1175 A g™ (considering the total 
loading mass on the lower limiting case). If only 
considering electrochemically active 3d metals or 
mass (obtained from the integration of Co redox 
features) (26), G-FeCoW catalysts exhibit much 
higher TOFs of 1.5 s' and 3500 A g”. These are 
more than three times above the TOF and mass 
activities of the optimized control catalysts and the 
repeated state-of-the-art NiFeOOH (table S9) (5, 26). 

To assess the kinetic barriers involved in OER, 
we studied the effect of temperature on the 
performance of the catalysts (fig. S27). OER pro- 
ceeds more rapidly at elevated temperatures, 
reflecting the exponential temperature depen- 
dence of the chemical rate constant (27). The 
Arrhenius plots at n = 300 mV for four different 
catalysts (Fig. 4D) allowed us to extract electro- 
chemical activation energies that agree well with 
the values reported previously (Table 1) (27). We 
found that G-FeCoW has the lowest apparent bar- 
rier value of 49 kJ mol. The similar data obtained 
for all catalysts suggests that OER proceeds via the 
same potential-determining step on all catalysts 
investigated in this work. 
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To obtain a highly efficient catalytic electrode, 
we increased the conductivity of the substrate by 
loading our catalysts on a nickel foam that was 
covered with gold in order to avoid any spurious 
effects arising from interaction of the catalyst 
with Ni. The activity trends of catalysts remained 
the same as observed on the Au(111) surface and 
GCE, whereas the absolute performance of each 
sample was substantially improved (Fig. 4B). The 
G-FeCoW showed a low overpotential of 191 mV 
at 10 mA cm~” on the gold-plated nickel foam 
(projected geometric area) (Table 1). On the basis 
of the above discussion and the overpotentials on 
Au(11), gold foam, GCE, and fluorine-doped tin 
oxide (Fig. 4C, fig. S30, and table S6), it can be 
seen that the catalytic activity of G-FeCoW is 
much higher than that of the annealed control 
(A-FeCoW), gelled FeCo without W (G-FeCo), and 
the LDH FeCo having the same structure as the 
state-of-the-art LDH NiFeOOH OER catalysts. 

The operating stability of the OER catalysts is 
essential to their application (28). To character- 
ize the performance stability of the G-FeCoW 
catalysts, we ran water oxidation on the catalyst 
deposited on gold-plated Ni foam under constant 
current of 30 mA cm ~ continuously for 550 hours. 
We observed no appreciable increase in potential 
in this time interval (Fig. 4, E and F). To check 
that the catalyst remained physically intact, we 
tested in situ its mass using the electrochemical 
quartz crystal microbalance (EQCM) technique 
(figs. S31 and S32) and also assessed whether any 
metal had leached into the electrolyte by using 
inductively coupled plasma atomic emission spec- 
troscopy (ICP-AES) (figs. S33 to S36 and table S7). 
After the completion of an initial burn-in period in 
which (presumably unbound) W is shed into the 
electrolyte, we saw stable operation and no dis- 
cernible W loss. EELS mapping of G-FeCoW after 
OER (fig. S37) indicates that the remaining W 
continues to be distributed homogeneously in the 
sample. By measuring the O, evolved from the 
G-FeCoW/gold-plated Ni foam catalyst, we also 
confirmed the high activity throughout the en- 
tire duration of stability test, obtaining quanti- 
tative (unity Faradaic efficiency) gas evolution 
of O, to within our available 5% experimental 
error (Fig. 4F). These findings suggest that mod- 
ulating the 3d transition in metal oxyhydroxides 
by using a suitable transition metal, one closely 
atomically coupled through homogeneous solid- 
state dispersion, may provide further avenues to 
OER optimization. 
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CORAL REEFS 


Climate change disables coral 
bleaching protection on the Great 


Barrier Reef 


Tracy D. Ainsworth,’*} Scott F. Heron,”?* Juan Carlos Ortiz,*°* Peter J. Mumby,*® 
Alana Grech,® Daisie Ogawa,” C. Mark Eakin,” William Leggat””™* 


Coral bleaching events threaten the sustainability of the Great Barrier Reef (GBR). Here we 
show that bleaching events of the past three decades have been mitigated by induced 
thermal tolerance of reef-building corals, and this protective mechanism is likely to be lost 
under near-future climate change scenarios. We show that 75% of past thermal stress 
events have been characterized by a temperature trajectory that subjects corals to a 
protective, sub-bleaching stress, before reaching temperatures that cause bleaching. Such 
conditions confer thermal tolerance, decreasing coral cell mortality and symbiont loss 
during bleaching by over 50%. We find that near-future increases in local temperature of 
as little as 0.5°C result in this protective mechanism being lost, which may increase the 


rate of degradation of the GBR. 


n the past three decades, bleaching events 
have caused reef-wide declines in coral across 
the Great Barrier Reef (GBR) (7). Coral bleach- 
ing is a stress response that results in the 
loss of intracellular symbiotic dinoflagel- 
lates (Symbiodinium) and/or their photosynthetic 
pigments; on a broad spatial scale, bleaching 
results from extended warm periods (1). The 
frequency and intensity of such bleaching events 
are expected to increase as sea surface tem- 
perature (SST) continues to rise under climate 


change (2, 3). Acclimatization and adaptation to 
future temperature conditions have been sug- 
gested as mechanisms by which corals may with- 
stand increasing SST, reducing the severity of 
coral bleaching and ameliorating mortality (4-6). 
Although the extent of adaptation remains un- 
certain (7), processes of acclimatization have been 
studied empirically. An important driver of ther- 
mal acclimatization in any organism is the var- 
iance of temperature to which it is exposed (8). 
Sub-lethal pre-stress events reset physiological 
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and molecular mechanisms that underpin the 
innate stress response, and provide a means to 
survive subsequent stress events (9). However, 
the influence of pre-stress events on thermal 
tolerance is not well understood in marine eco- 
systems. Here we show that such pre-stress events 
do occur on the GBR and serve to increase phys- 
iological preparation for the intense thermal 
stress that results in coral bleaching. We provide 
experimental evidence to show that this mecha- 
nism has probably reduced the impact of his- 
torical bleaching events, and we predict that such 
protective pre-stress events could disappear within 
a few decades. 

To quantify the thermal regimes that GBR 
corals have experienced, we examined 27 years of 
satellite-based SST records (at a resolution of 
0.5°) and found that 372 thermal stress events, 
capable of causing bleaching, occurred across 115 
reef pixels (10). We identified three thermal tra- 
jectories associated with past bleaching events, 
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Fig. 1. Sea temperature trajectories before and during coral bleaching 
stress events on the GBR. (A) Schematic of the three temperature trajectories 
on the GBR during previous (the past 27 years) bleaching level thermal 
anomalies, where SST reached the local bleaching threshold, 2°C above the local 
MMM baseline. (Top, blue line) protective trajectory; (middle, red line) single 
bleaching trajectory; and (bottom, green line) repetitive bleaching trajectory. 
The black line represents diurnal temperature variation; the colored lines reflect 
the nighttime-only satellite data. The pre-stress period (PS) is the duration of 
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the pre-stress pulse exceeding the MMM; the recovery period (RP) is the duration 
below the MMM after the pulse. The horizontal axis spans 90 days. (B) The 
predominant trajectory for each reef pixel (n = 115) is shown by color as for (A), 
except that green shows equal incidence of repetitive and protective trajec- 
tories (no pixels were predominated by the repetitive trajectory). Black pixels 
indicate that the local bleaching threshold (MMM-+2°C) was never reached. The 
histogram (inset) shows the frequency of the predominant trajectories for reef 
pixels (table S2). 
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characterized by the presence and intensity of a 
pre-stress (sub-bleaching) warming period (Fig. 
1A and fig. S1). Warming events were quantified 
relative to two thresholds: (i) the long-term 
maximum monthly mean (MMM) temperature, 
which sets a baseline from which warming can 
be identified; and (ii) the local coral bleaching 
threshold (MMM+2°C) (J2). The predominant 
trajectory, accounting for 75% of thermal stress 
events (7 = 277), was characterized by an SST 
event that exceeded the local MMM but re- 
mained below the bleaching threshold. The SST 
then returned below the MMM, for an average 
recovery period of 10 days, before increasing 
above the local bleaching threshold (Fig. 1A and 
table S1); we term this the protective trajectory. 
The second trajectory was characterized by a 
direct SST increase from below the MMM to 
exceed the local bleaching threshold, with no 


pre-stress or recovery period. This trajectory, 
which we term the single bleaching trajectory, 
occurred in 20% (n = 77) of thermal stress events 
(Fig. 1, Aand B). The final trajectory exceeded the 
local bleaching threshold in two peaks, separated 
by an average recovery period of 9 days below the 
local MMM (Fig. 1, A and B, and table S1). We 
term this the repetitive bleaching trajectory, and 
it accounted for 5% (n = 18) of identified thermal 
stress events on the GBR (Fig. 1B). 

Having identified three thermal trajectories in 
situ, we studied the physiological response of 
corals to each temperature trajectory under ex- 
perimental conditions, using the model species 
Acropora aspera (10). Corals exposed to the pro- 
tective trajectory underwent characteristic al- 
terations (12-15) of the symbiotic organisms’ 
photochemistry and heat stress responses that 
led to the acquisition of thermal tolerance and 
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Fig. 2. Effects of temperature trajectories on cell death and Symbiodinium cell density of 
A. aspera at bleaching. (A) Principal coordinate ordination plot of the gene expression patterns 
of the apopotic genes (Bcl-2, Bak, Bok, Bax, Bak, BI, and BIR) under ambient conditions (no thermal 
stress; white) and the three temperature trajectories: protective (blue), single bleaching (red), and repetitive 
bleaching (green). Each point represents an individual coral. PCO1, principal coordinate ordination axis 1; 
PCO2, principal coordinate ordination axis 2. (B) Coral cell death (bars) and Symbiodinium density (lines) at 
bleaching; colors are as for (A). (C to F) In situ end labeling of coral tissue exposed to (C) ambient 
conditions and the (D) protective, (E) single bleaching, and (F) repetitive bleaching trajectories. Healthy 
haematoxylin-counterstained nuclei are stained blue, In situ end-labeled nuclei undergoing cell death are 


stained red. 
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reduced bleaching and coral cell death (Fig. 2). 
Cell death is a conserved response to thermal 
stress and represents the cellular driver of partial- 
and whole-colony mortality (76). Using a multi- 
variate analysis, we showed that the different 
temperature trajectories result in distinct expres- 
sion profiles of stress-related genes during coral 
bleaching (Fig. 2A and tables S7 and S8). Spe- 
cifically, the gene expression of corals under the 
protective trajectory differed significantly from 
that under both the single bleaching (P = 0.03) 
and repetitive bleaching (P = 0.02) trajectories, 
and was more similar to that found in corals not 
exposed to thermal stress (Fig. 2A). Gene ex- 
pression in the single bleaching and repetitive 
bleaching trajectories was indistinguishable (P = 
0.422). These gene expression profiles were as- 
sociated with lower levels of localized cell death 
under the protective trajectory (30 + 4% of cells) 
than either the single bleaching trajectory (56 + 
4%) or repetitive bleaching trajectory (70 + 2%) 
(Fig. 2B, C). In addition, the extent of bleaching 
(Symbiodinium loss) was less (P < 0.01) in corals 
exposed to the protective than either of the other 
two trajectories (Fig. 2B and table S6). In short, 
corals and their endosymbiotic Symbiodinium 
acquired thermal tolerance after exposure to the 
sublethal, pre-stress protective trajectory that 
has predominated throughout the GBR over the 
past 27 years. However, corals experiencing the 
single bleaching and repetitive bleaching trajec- 
tories did not acquire thermal tolerance, which 
resulted in poorer physiological outcomes and a 
greater loss of symbionts and coral tissue during 
coral bleaching. 

Given that sea temperatures are steadily rising, 
an obvious concern is that the sub-bleaching 
temperature event of the protective trajectory 
could eventually exceed the bleaching threshold, 
switching events from being protective to becoming 
increasingly lethal. To examine how climate change 
is projected to alter our three bleaching trajecto- 
ries, we applied temperature offsets to the ob- 
served 27-year time series of SST (JO), which 
implicitly incorporates spatially variable interan- 
nual variation and ENSO events (Fig. 3, A to T). We 
took this approach because climate model pre- 
dictions are incapable of resolving meaningful 
spatial variation in the rate of warming across 
the GBR (17). This approach was validated by the 
correlation between historical annual maximum 
SST and summer-average SST [linear regression 
slope = 0.98, coefficient of determination (7) = 
0.82], which supports the hypothesis that all sum- 
mer temperatures will increase consistently (fig. 
$2). Moreover, the drivers of SST pulsing (wind 
speed, solar radiation, and tidal flow; see the sup- 
plementary text) are expected to exhibit less than 
a 2% change by 2100 under most climate models 
(8). Our simulations project that if SST increases 
by +2°C, as could occur by 2100 under current 
warming trajectories, the number of thermal 
stress events will increase (Fig. 3, A to E). Within 
these, the proportion of events benefiting from 
the protective trajectory falls by two-thirds, from 
75% (historical) to only 22% (Fig. 3, F to J). 
Concurrently, the proportion of single bleaching 


15 APRIL 2016 « VOL 352 ISSUE 6283 339 


RESEARCH | REPORTS 


15°S 


20°S 


15°S 


20°S 


1sS 


20°S 


15°S 


00 OF 10 20 
Temperature increase (°C) 


Repetitive Trajectory Frequency Single Trajectory Frequency Protective Trajectory Frequency Reef pixel events, per decade 


20°S 
ousees 
8 
5 
S 
2 
3 


145°E 


150°E 


12.36 
“) 


| ah 


© 2050 60.80 100 


o8S858 


© 20.40 60 80 100 
145°E 


145°E 150°E 


150°E 


104/dec 


150°E 


Fig. 3. Projected changes in the frequency of thermal stress events, 
and SST trajectories, with +0.5°C, +1.0°C, and +2.0°C SST warming. 
Stress event frequency at 50-km reef pixels (A) averaged across the GBR; 
and spatial distribution under (B) recent conditions, and (C) +0.5°C, (D) 
+1.0°C, and (E) +2.0°C projections. Proportions of events from each tra- 
jectory are as follows: (F to J) protective, (K to O) single bleaching, (P to T) 


repetitive bleaching. Inset histograms show the percentage of reef pixels 
(vertical axis) with [(B) to (E)] bleaching frequency per decade (horizontal 
axis) or [(G) to (J), (L) to (O), and (Q) to (1)] trajectory frequency 
(horizontal axis) for each projected warming. Black pixels in (B), (G), (L), 
and (Q) indicate that no severe stress events occurred (not present in 
projected warming). 


trajectory events will increase from 21% (Fig. 3, K 
and L) to 71% (Fig. 3, K and O), implying that 
thermal stress events become far more lethal for 
corals. The proportion of repetitive bleaching did 
not dramatically increase (5 to 7%), but the ab- 
solute number increased from 18 to 219 reef 
pixels experiencing this temperature regime over 
a 10-year period (Fig. 3, P to T, and table S2). 
We predict that most of the reefs that have 
only experienced the protective trajectory to date 
(gray in Fig. 3, L and Q) will begin to experience 
the single and repetitive bleaching trajectories 
when SST is approximately 0.5°C higher than 
present (Fig. 3, M and R, and insets in H, M, and 
R), which will be within 4 decades at historical 
warming rates (19). The sensitivity of reefs to 
such warming varies geographically (Fig. 3, H, M, 
and R). For example, reefs in the southern GBR 
could experience more single bleaching trajec- 
tory events at lower temperature increases than 
elsewhere on the GBR (Fig. 3, L to O). Once there 
is a 1°C increase in SST, the majority of reefs are 
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likely to experience single trajectory bleaching at 
least once per decade (Fig. 3, D and N). 

The prevalence of an SST trajectory on the 
GBR that can stimulate thermal tolerance has 
not previously been recognized, nor has the ef- 
fect of this induced tolerance on mitigating 
bleaching events been examined. Acroporid co- 
rals, such as A. aspera used here, are some of the 
most important taxa in driving rapid recovery 
and resilience in Pacific coral reefs (3). We there- 
fore integrated our experimental results into a 
validated simulation model for GBR coral com- 
munities (3) and evaluated how corals would 
fare under contrasting emissions scenarios being 
considered by the Intergovernmental Panel on 
Climate Change: business-as-usual representative 
concentration pathway 8.5 (RCP8.5) (20) and a 
low-carbon economy in which CO, concentra- 
tions are limited to a peak of 450 parts per million 
by 2040, RCP2.6 (27). We used the relative pro- 
portions of dead cells within corals that occurred 
after experimental exposure to the three SST tra- 


jectories (Fig. 2B) as a proxy for estimating the 
extent of coral colony mortality during each type 
of thermal stress event (10). Under business-as- 
usual (high) carbon emissions, the long-term out- 
look of reefs was bleak, irrespective of their current 
thermal trajectory (Fig. 4, A, C, and E); coral cover 
became low (<5%) toward the end of the century. 
However, the protective trajectory delayed the 
onset of this condition by approximately 20 years, 
which may yet prove to be evolutionarily signifi- 
cant. Moving to aggressive action to reduce green- 
house gas emissions, the outlook for reefs was far 
better, particularly on reefs experiencing the 
protective trajectory, where no net long-term 
decline was predicted (Fig. 4B). However, even 
under aggressive action, coral cover on reefs 
exposed to the single and repetitive bleaching 
trajectories will fall below 5% (Fig. 4, D and F). 

Although our ecosystem model now allows for 
processes of thermal acclimatization, it does not 
provide for adaptation, mostly because the rates 
and mechanisms of adaptation in corals remain 
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Fig. 4. Coral cover simulations under high (A, C, and E) and low (B, D, and F) CO emission scenarios (RCP8.5 and RCP2.6). This incorporates differential 
mortality rates associated with protective [(A) and (B)] single bleaching [(C) and (D)] and repetitive bleaching [(E) and (G)] trajectories. Colored lines represent 
the average coral cover among simulations; gray lines represent the trajectory of each of the 50 simulations for each scenario. 


uncertain (7). Adaptation may mitigate the im- 
pact of climate change and improve the chances 
of coral reef ecosystem recovery (4, 6, 22-24). 
Reefs of the GBR experience a variety of dis- 
turbances, only some of which are subject to 
management interventions. Our analysis reveals 
that the exposure to sub-lethal pre-stress events 
varies dramatically among reefs, with some hav- 
ing an inherent level of “protection from” or 
“preparedness for” the conditions that induce 
coral bleaching, whereas others experience mul- 
tiple stress exposures in a single event. Recogniz- 
ing such spatial variability is important when 
targeting management actions that aim to mit- 
igate coral reef degradation in the future. For 
example, local management interventions that 
reduce cumulative stress impacts (such as im- 
pacts caused by pollution, sedimentation, and 
crown-of-thorns starfish outbreaks) could be pri- 
oritized toward reefs that exhibit protective tra- 
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jectories, thereby serving to minimize biological 
and physical stressors simultaneously and help- 
ing to build ecosystem resilience. 
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FOREST ECOLOGY 


Belowground carbon trade among tall 
trees in a temperate forest 


Tamir Klein,'*+ Rolf T. W. Siegwolf,” Christian Kérner* 


Forest trees compete for light and soil resources, but photoassimilates, once produced in 
the foliage, are not considered to be exchanged between individuals. Applying stable 
carbon isotope labeling at the canopy scale, we show that carbon assimilated by 40-meter- 
tall spruce is traded over to neighboring beech, larch, and pine via overlapping root 
spheres. Isotope mixing signals indicate that the interspecific, bidirectional transfer, 
assisted by common ectomycorrhiza networks, accounted for 40% of the fine root carbon 
(about 280 kilograms per hectare per year tree-to-tree transfer). Although competition for 
resources is commonly considered as the dominant tree-to-tree interaction in forests, 
trees may interact in more complex ways, including substantial carbon exchange. 


table carbon isotope labeling at the canopy 

scale is a powerful tool for tracing carbon 

allocation in forest ecosystems (J, 2). In a 

dense forest, large quantities of photo- 

assimilates may be exported to mycorrhiza 
and rhizosphere microbes (3-11), and hyphae 
of mycorrhizal fungi can form “underground 
highways” for carbon and nutrient exchange 
with and between plants (9). It has been sug- 
gested that because of the unpredictability of 
disturbance events and the divergence of re- 
sponses among plant communities, mycorrhi- 
zal fungi and their host plant species are under 
selective pressure to evolve generality (9, 10). 
The groups of plants that are interlinked through 
acommon mycorrhizal network are hence termed 
“guilds” (10). The identity and ensemble of fungal 
species may affect plant community structure 
and ecosystem productivity (12, 13), with mycor- 
rhiza improving plant fitness by increasing phos- 
phorus and nitrogen uptake (74). As a result, 
mycorrhizal networks are considered an integral 
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part of the autotrophic system (15, 16) and are 
essential components in ecosystem resilience 
to change. Yet, these benefits have traditionally 
been studied from a nutrient supply perspective, 
and the mycorrhiza “pipeline” was never shown 
to transfer considerable amounts (>1 g) of mobile 
carbon compounds among trees (4-10). In addi- 
tion to mycorrhizal networks, carbon can be trans- 
ferred through natural root grafts, which are 
anatomical fusions between two or more roots. 
Growth of interconnected trees in situ can be af- 
fected directly by the presence of root grafts—for 
example, by translocation of water and carbohy- 
drates (17). Transport across root grafts has been 
demonstrated in numerous field studies using 
various methods, from dye injection to the use of 
radioactive tracers (18, 19), but these grafts are 
restricted to trees of the same species or, at most, 
of phylogenetically closely related species (77-20). 

Using a tall canopy crane (J, 2), we continu- 
ously labeled five 40-m-tall Norway spruce trees 
(Picea abies) as part of a 5-year free-air CO, en- 
richment experiment (FACE) in a mixed forest in 
northwest Switzerland (3, 21, 22) (figs. S1 to S7). 
Five unlabeled Picea trees served as controls (fig. 
S8). We then measured 8!°C from “tip to toe,” 
including canopy twigs, stems, and fine roots of 
labeled and unlabeled individuals of Picea and of 
neighboring trees belonging to different taxa (Fagus 
sylvatica, Pinus sylvestris, and Larix decidua). 


Except for the five labeled Picea, none of the trees 
were exposed to CO» labeling. Using industrial, 
3C-depleted CO, gas, our canopy labeling made 
the 5”°C signal of labeled trees more negative by 
5.3 per mil (%o) compared to unlabeled control 
trees: Twig 5'C was -31.4%o in labeled and -26.1%o 
in unlabeled Picea (Fig. 1). New fine roots of labeled 
Picea, isolated from 90 ingrowth cores (figs. S9 
and S10) had 2.6%o lower 5'C values than the 
control trees growing in ambient air (no “C label) 
(Fig. 1). Almost the same isotopic signal was found 
among fine roots of similarly tall nonconspecific 
trees in the neighborhood that were unlabeled 
and contributed about half of the fine roots re- 
covered from ingrowth cores (Fig. 2A). To validate 
that fine roots of the other taxa were not confused 
with those of Picea, we excavated roots from Picea 
(control and labeled) and neighboring tree species 
and traced them to the trunk of origin (figs. S12 to 
$14). Again, fine roots of these non-Picea taxa 
showed a °C signal similar to that of their neigh- 
boring Picea (either control or labeled) but joint- 
ly at a 2.6%o less negative level when “C-labeled 
Picea was present (Fig. 2B). Hence, both the root- 
ingrowth-core data (with multiple individuals’ 
input) and the data for intact root systems from 
three individuals belonging to three different tree 
genera yielded the same signals. Sapwood 8™C of 
the 2010 to 2014 annual rings in stem cores taken 
at breast height from neighboring and nonneighbor- 
ing non-Picea trees was -27.8 + 0.1%o and -26.9 + 
0.1%o, respectively—still a significant difference 
(P = 0.019). 

Because our FACE system operated in the can- 
opy only (20 to 40 m aboveground), tank COs, 
and thus the °C label, were not present in the 
understory. This was ascertained first by °C 
signals in understory plants, which are exclusively 
vesicular-arbuscular mycorrhizal: Paris quadri- 
folia, Mercurialis perennis, and Rubus frutico- 
sus. 5C values in rhizomes/root stocks from 
these three species growing under both unlabeled 
and labeled Picea showed the typical, very nega- 
tive signals for deep shade plants (from -30.2 to 
-34.5%o) (fig. S15). Besides differences among spe- 
cies, however, there was absolutely no signal dif- 
ference between samples collected under unlabeled 
and labeled Picea and no difference between years. 
Second, we checked the canopy crowns of the trees 
neighboring the labeled Picea individuals for traces 
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Fig. 1. Transfer of carbon from labeled spruce 
to fine roots of neighboring nonspruce trees. 
88C gradients (means + SE; N = 4 to 5 samples 
from 1 to 5 trees) within tree compartments and 
fungal sporocarps in the studied mixed forest 
stand near Basel, Switzerland. The use of indus- 
trial, *\C-depleted CO> gas for the FACE allowed for 
identifying carbon allocation in and from spruce 
trees exposed to labeled CO (8C < -30.0%v), 
compared with other carbon in wood and fungi 
(88°C > -27.5%o). Linear gradients were assumed 
between measurement points. 


Fig. 2. Fine roots of unlabeled beech, pine, 
and larch trees carry the isotopic signal of 
labeled spruce. 5°C in fine roots from ingrowth 
cores located in overlapping root spheres of spruce 
and neighboring tree species (A) and from three 
undisturbed soil volumes circumjacent to roots of 
spruce trees under labeled CO2 and neighboring 
trees of other species (where species were ab- 
solutely verified) (B). Roots of labeled spruce in- 
dividuals and of neighboring nonspruce trees had 
significantly lower 8°C than trees growing in the 
same stand that were not exposed to labeled CO>. 
Each bar is a mean + SE of five trees, each with 
three core triplets (ingrowth cores) and of four root 


samples from one individual tree (verified roots). P values are from analysis of variance. All available Larix trees were neighboring the labeled Picea, and none were 


neighboring the unlabeled Picea (fig. S8). 


of °C label in 2-year old high-canopy twigs from 
all four compass directions in each crown. No 
influence of the °C label could be found. 5”C 
in twig xylem of Picea was -26.1 + 0.1%o and -31.4: + 
1.1%o in unlabeled and labeled trees, respectively. 
In twig xylems of the three neighboring tree spe- 
cies (Fagus, Pinus, and Larix), 5'C was -25.1 + 
0.9, -26.2 + 0.5, and -25.9 + 0.6%o, respectively, 
as previously observed in these trees (23). Only in 
twigs sampled in the small crown fraction imme- 
diately next to the crowns of the labeled Picea 
(<20% of the crown circumference), 5"C was slight- 
ly lowered compared with the aforementioned 
values (-28.1, -29.2, and -28.8 in twigs of Fagus, 
Pinus, and Larix, respectively). The remainder of 
the crown periphery and the crown center showed 
no label, and hence the overall crown volume 
that was slightly influenced by the isotope label 
was <10%. Moreover, the 5”°C values in those prox- 
imal twigs were still 2.2 to 3.3%o above those in 
the labeled Picea twigs. 

The tree-to-tree transfer of labeled carbon was 
so strong in this study that roots of different tree 
taxa (of which only Picea was labeled) shared an 
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almost similar isotopic signature: -30.0%o and 
-29.1%o in labeled and neighbor trees, respectively 
(Fig. 1). The decrease in °C of unlabeled neigh- 
bor roots, and the parallel increase in 8'°C of 
labeled roots relative to their source tissues (Fig. 
1), indicate a bidirectional carbon exchange. To 
estimate the direction and magnitude of the car- 
bon exchange, we compared the aforementioned 
8C values with those prevailing without any 
labeled carbon transfer (“baseline” signatures). 
We then applied a simple carbon isotope mixing 
calculation between roots of labeled and neigh- 
bor trees using the equation a x n + (100 - a) x m= 
p, Where a is the contribution of one of two sources 
to a mixture (in %), 7 is its isotopic signature, m 
is the isotopic signature of the other source, and 
p that of the mixed product. In the neighbor 
roots, the 5°C value of -29.1%o reflects a decrease 
by 1.7%o from a mean baseline value of -27.4%o 
observed in roots of the same tree species growing 
around unlabeled Picea (Fig. 1). However, a base- 
line signature in the labeled Picea roots is harder 
to estimate, because we had no reference obser- 
vation of labeled Picea that did not exchange 


carbon with non-Picea neighbors. To this mixing, 
one must add an intrinsic dilution by the con- 
tribution of older, unlabeled carbon to current 
fine root growth (3, 24). We do know that in 
control Picea, 5C of roots was 1.3%o more nega- 
tive than that of the canopy twigs (Fig. 1) (a 
common observation), and hence a premixed base- 
line for the labeled Picea root would be -32.7%o 
(-31.4 minus 1.3%o). Thus, our isotope mixing 
calculation had to solve for a mixing ratio that 
would satisfy (i) a 2.7%o increase in the labeled 
Picea root signal (-30.0 minus -32.7%o); (ii) a 
1.7%o decrease in the neighbor root signal; and 
account for (iii) the intrinsic dilution ratio with 
old stored carbon. We found that a 20% contri- 
bution of older, unlabeled carbon to current fine- 
root growth of labeled Picea, and an isotope-mixing 
ratio of 60% self and 40% exchanged carbon be- 
tween fine roots of labeled and unlabeled trees, 
satisfied the °C signal changes at both sides of 
the transfer (Fig. 3). 

The magnitude of the exchange can be esti- 
mated: Picea fine-root biomass production esti- 
mated from our ingrowth cores (ZZ) was 60 gm™ a? 
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Interspecific root carbon transfer 
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Fig. 3. Bidirectional root carbon transfer between mature forest trees. Estimation of the magnitude 
of the interspecific root carbon exchange in the studied mixed forest stand based on the observed 83°C 
values. An isotope mixing ratio of 60% self and 40% exchanged carbon between fine roots of labeled and 


unlabeled trees satisfies the °C signals in both. 


at 1- to 12-cm depth, upscaled linearly to 150 gm™~ a 
for the entire 30-cm soil profile. Assuming an 
average root carbon concentration of 46%, this 
corresponds to a fine-root production of 69 g 
carbon m~ a’. If 40% of this fine-root carbon 
came from an exchange via mycorrhiza, this car- 
bon transfer flux equals 28 g carbon m~” a *—i.e., 
280 kg ha a”, which is equivalent to 4% of the 
forest net carbon uptake (net primary production). 

The carbon transfer that we observed most 
likely occurred through common ectomycorrhiza 
networks, which are very abundant at this site 
(table S1), and also exhibited the labeled carbon 
in their “fruit” bodies near labeled Picea (3) and 
are a substantial carbon sink in Norway spruce 
forests (16). Host specificity is a known trait 
among ectomycorrhiza taxa, yet common networks 
and the formation of trophic guilds play a crucial 
role in forest dynamics (25). For example, in a 
mixed Central European forest, 75 ectomycor- 
rhiza taxa were identified on Fagus sylvatica 
roots (26); 29% and 10% of the ectomycorrhiza 
species were shared with one or two other tree 
species, respectively; however, it is noteworthy 
that the 61% host-specific ectomycorrhiza species 
colonized only 20% of the root tips (24). The 
ectomycorrhiza species Russula ochroleuca (Pers.) 
has been previously identified on roots of all four 
tree species studied here (27), and a Russula spe- 
cies was identified in our forest site (table S1). A 
taxonomic search in the ectomycorrhiza database 
(www.deemy.de) (28) revealed three other genera 
found at our site that are common symbionts to 
our four study tree species—namely, Cortinarius, 
Lactarius, and Tricholoma. 

Our earlier study on this site (3) also showed 
zero 5'°C labeling in saprophytic fungi (Fig. 1) 
and decreasing mycorrhizal §C with decreasing 
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distance from the labeled Picea. Our results in- 
dicate a bidirectional carbon exchange (Fig. 3) 
rather than a one-way transfer (17), which is not 
along a demand-supply gradient as previously 
reported (10, 17). Considering that all studied 
trees were dominant, healthy, and tall individu- 
als, growing without obvious carbon limitation, 
no a priori source-sink gradients might be expected 
here (29). It has been suggested that carbon 
transfer between trees via mycorrhiza is rather 
regulated to satisfy the needs of the mycorrhiza 
itself (7). In our case, it is still possible that labeled 
Picea transferred excess carbon belowground (3) 
and, in turn, enhanced mycorrhizal activity and 
proliferation. 

The mild, yet significant increase in sapwood 
5'°C at the base of trees neighboring the labeled 
Picea (Fig. 1) indicates slight aboveground allo- 
cation of imported carbon. So far, root carbon 
uptake was shown in “green-to-ground” corn 
and in willow cuttings using labeled carbonate 
(NaH™CO, and HCO; ) (3D, as well as in pine 
seedlings (30), but not in mature trees in the field. 

Finally, the observed interspecific carbon trans- 
fer among tall trees in our study can become in- 
creasingly important for forests under stress 
conditions (e.g., drought or spring frost) or after 
disturbance such as wildfire, when divergence in 
species’ responses come into play (5-10, 14, 20, 23). 
The magnitude, direction, and control of these 
transfer fluxes and their importance are yet to be 
resolved, and they add a new dimension and level 
of complexity to known ecosystem processes. 
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ZIKA VIRUS OUTBREAK 


Zika virus in the Americas: Early 
epidemiological and genetic findings 
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Brazil has experienced an unprecedented epidemic of Zika virus (ZIKV), with ~30,000 cases 
reported to date. ZIKV was first detected in Brazil in May 2015, and cases of microcephaly 
potentially associated with ZIKV infection were identified in November 2015. We performed 
next-generation sequencing to generate seven Brazilian ZIKV genomes sampled from four 
self-limited cases, one blood donor, one fatal adult case, and one newborn with microcephaly 
and congenital malformations. Results of phylogenetic and molecular clock analyses show a 
single introduction of ZIKV into the Americas, which we estimated to have occurred between 
May and December 2013, more than 12 months before the detection of ZIKV in Brazil. The 
estimated date of origin coincides with an increase in air passengers to Brazil from 
ZIKV-endemic areas, as well as with reported outbreaks in the Pacific Islands. ZIKV genomes 
from Brazil are phylogenetically interspersed with those from other South American and 
Caribbean countries. Mapping mutations onto existing structural models revealed the context 
of viral amino acid changes present in the outbreak lineage; however, no shared amino acid 
changes were found among the three currently available virus genomes from microcephaly 
cases. Municipality-level incidence data indicate that reports of suspected microcephaly in 
Brazil best correlate with ZIKV incidence around week 17 of pregnancy, although this 
correlation does not demonstrate causation. Our genetic description and analysis of ZIKV 
isolates in Brazil provide a baseline for future studies of the evolution and molecular 
epidemiology of this emerging virus in the Americas. 


ika virus (ZIKV) is a single-stranded, positive- 
sense RNA virus with a 10.7-kb genome en- 
coding a single polyprotein that is cleaved 
into three structural proteins (C, prM/M, E) 


A. albopictus, and A. africanus. The virus was 
first isolated in 1947 from a sentinel rhesus mon- 
key in the Zika forest in Uganda (2) and is clas- 
sified by sequence analysis into two genotypes, 


and seven nonstructural proteins (NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5) (1). ZIKV is 
a member of the family Flaviviridae, genus 
Flavivirus, and is transmitted among humans 
by Aedes mosquito species such as A. aegypti, 


African and Asian (3). In humans, ZIKV infection 
typically causes a mild and self-limiting illness 
known as Zika fever (4), which is accompanied 
by maculopapular rash, headache, conjunctivitis, 
and myalgia. In April 2007, a large epidemic of 


Asian genotype ZIKV was reported in Yap Island 
and Guam, Micronesia (5, 6). Between 2013 and 
2014, the ZIKV Asian genotype caused epidemics 
reported in several Pacific Islands, including French 
Polynesia (7), New Caledonia (8), the Cook Islands 
(9), Tahiti (10), and Easter Island (1). 

By May 2015, ZIKV was reported in Brazil (12) 
and, subsequently, in several Central and South 
American countries and in the Caribbean. In 
Brazil, nearly 30,000 cases of ZIKV infection had 
been reported by 30 January 2016 (supplemen- 
tary materials section 1.4). These occurrences 
point to an epidemic peak in mid-July 2015 
(Fig. 1A), and most Brazilian ZIKV cases (93%) were 
reported in Bahia state (Fig. 1B). Surveillance of 
ZIKV in Brazil began after the country’s first re- 
ported case and is conducted through the na- 
tional Notifiable Diseases Information System 
(SINAN), which currently relies on passive case 
detection and reporting and therefore under- 
estimates incidence (73). ZIKV is now widespread 
in Brazil, with autochthonous transmission and 
high incidence notified in 22 of 27 administrative 
states (14). ZIKV infection during pregnancy has 
been hypothesized to cause microcephaly and 
congenital abnormalities (15-20). The detection 
of ZIKV in fetal brain tissue (17, 20) and amniotic 
fluid (27) supports the hypothesis that the virus is 
transmitted from mother to child (22); further, 
the virus infects neural progenitor cells in vitro 
(23). In Brazil, between November 2015 and 30 
January 2016, 4783 suspected cases of micro- 
cephaly were reported electronically to the RESP 
database (www.resp.saude.gov.br; Ministry of 
Health, Brazil) (supplementary materials section 
1.4) (Fig. 1C), although most suspected cases are 
still under investigation and a substantial propor- 
tion may represent misdiagnosis and overreport- 
ing (24). Using the 4 March 2016 World Health 
Organization guidelines for microcephaly diag- 
nosis (25), we identified a total of 1118 suspected 
microcephaly cases suitable for analysis. The rela- 
tion between total per-capita ZIKV incidence 
(Fig. 1B) and per-capita suspected microcephaly 
cases (Fig. 1C) in each state is weak and only sig- 
nificant under nonparametric correlation (P < 0.01) 
(fig. SLA); noise and uncertainty probably affect both 
variables. However, the relation is strengthened 
if suspected microcephaly cases are measured 
per pregnancy (fig. SIB). For municipalities with 
reported ZIKV incidence and cases of suspected 
microcephaly, we used a simple linear model 
to link microcephaly cases as a function of 
past ZIKV incidence (supplementary materials 
section 1.5). On average, suspected microcephaly 
cases are best predicted by ZIKV incidence during 
week 17 of pregnancy (95% confidence interval of 
mean = +0.11 weeks) or week 14 for suspected 
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severe microcephaly cases (+0.08 weeks). These 
findings are in general agreement with individual 
reports of the timing of ZIKV symptoms in 
mothers of infants with microcephaly (16, 19, 21). 
We stress that these results quantify only the corre- 
lation between ZIKV and suspected microceph- 
aly and do not demonstrate a causal link. Ongoing 
studies are aiming to establish whether ZIKV is a 
causal factor in microcephaly and other con- 
ditions (15-17, 23, 26). 

We used phylogenetic, epidemiological, and 
mobility data to quantify ZIKV evolution and ex- 
plore the introduction of the virus to the Americas. 
As part of ongoing surveillance by the Brazilian 
Ministry of Health, national laboratories, and 
other institutions, we used next-generation se- 
quencing to generate seven complete ZIKV coding 
region sequences from samples collected during 
the outbreak. Our samples include one from a 
deceased newborn with microcephaly and con- 
genital malformations collected in Ceara and one 
from a fatal adult case with lupus and rheuma- 
toid disease from Maranhao state (Fig. 1B). None 
of the Brazilian patients reported overseas travel 
(information unavailable in one case), and one in- 
dividual was a blood donor (supplementary mate- 
rials section 2). A comparison of our genomes 
with other available Brazilian strains reveals that 
Brazilian ZIKV isolates differ at multiple nucle- 
otide sites across the 10.3-kb coding region. The 
ZIKV genome recovered from isolate ZIKSP, from 
Sao Paulo, had 32 nucleotide changes compared 
with the microcephaly case (BeH823339) and 34 
compared with the fatal case from Maranhao 
(BeH818305). Isolates BeH819966 (from Belém), 
BeH815744 (from Paraiba), and BeH18995 (from 
Belém) had a maximum of five nucleotide changes. 

Maximum likelihood analysis of complete coding 
regions from our and other ZIKV genome se- 
quences revealed that all viruses sampled in 
the Americas, including those from Brazil, form a 
robust monophyletic cluster (bootstrap score = 
94%) within the Asian genotype (Fig. 2 and fig. 
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Fig. 1. Time series and cartography of reported Zika virus and microce- 
phaly cases in Brazil. (A) Number of suspected cases of ZIKV per week in 
5596 municipalities in Brazil. The epidemic peaked from 12 to 18 July 2015 (n = 
2791 cases). Letters indicate months. (B) Total incidence of ZIKV cases per 
100,000 people in each federal state. Triangles indicate sampling locations of 
the sequences reported here; circles indicate locations of other genomes from 
Brazil [municipality of Natal in Rio Grande do Norte state (16) and an unknown 
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$2) and share a common ancestor with the ZIKV 
strain that circulated in French Polynesia in November 
2013 (Fig. 3). Previous analyses of outbreaks of 
related flaviviruses (27, 28) suggest that, to be in- 
formative, molecular epidemiological studies of 
the current ZIKV epidemic should use full or near- 
complete coding region sequences. 

We used a phylogenetic molecular clock ap- 
proach to further explore the molecular epide- 
miology of ZIKV in the Americas. A strong 
correlation between genetic divergence and sam- 
pling time within the outbreak lineage (Fig. 2, 
inset) shows that our approach is appropriate, 
provided that whole genomes are used. The esti- 
mated time-scaled phylogeny (Fig. 3A) again con- 
tains a well-supported clade of American ZIKV 
strains [denoted B; posterior probability (PP) = 
1.00] that share a common ancestor (denoted A) 
with the French Polynesian lineage (PP = 0.92). 
Within the American ZIKV lineage (clade B), 
Brazilian isolates are interspersed among isolates 
from elsewhere in the Americas. The mingling of 
ZIKV genomes from different countries reveals 
ZIKV movement within the Americas since its 
introduction to the continent. Two observations 
suggest that the common ancestor of the Amer- 
ican ZIKV lineage existed in Brazil. First, Brazil 
was the first country in the Americas to detect 
ZIKV (29), and second, Brazilian strains are phy- 
logenetically more diverse within clade B than 
those from elsewhere. However, these observa- 
tions may reflect differences in surveillance inten- 
sity among countries, and more data are required 
before we can exclude the scenario that ZIKV was 
introduced to Brazil multiple times from other 
locations. Although two of three ZIKV-associated 
microcephaly isolates group together in the phy- 
logeny, there is no reason to posit that this lin- 
eage is associated with increased disease severity. 

Estimated rates of ZIKV molecular evolution 
are consistent among different evolutionary models 
and vary from 0.98 x 10~* to 1.06 x 10°? nucleotide 
substitutions per site per year (table S3). Although 
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these rates are high compared with whole-genome 
rates for other flaviviruses (28), they are consis- 
tent with retrospective analyses of previous epide- 
mics, which show that evolutionary rate estimates 
decline as the epidemic progresses (30, 31). Hence, 
this result should not be interpreted as implying 
that ZIKV in the Americas is unusually mutable. 
We estimate that the date of the most recent com- 
mon ancestor (TMRCA) of all Brazilian genomes 
(clade B) is Aug 2013 to Apr 2014 [95% Bayesian 
credible intervals (BCIs); point estimate = mid- 
December 2013] (Fig. 3B). The common ancestor 
of the French Polynesian and America lin- 
eages (clade A) was dated from December 2012 to 
September 2013 (BCIs; point estimate = late May 
2013) (Fig. 3B). The posterior distribution for the 
age of clade B encompasses the recorded duration 
of the ZIKV outbreak in three of five island groups 
of French Polynesia (4) (Fig. 3C). Divergence date 
estimates are robust among different combina- 
tions of prior distributions, molecular clock models, 
and coalescent models (supplementary materials 
sections 4 and 5) and are more likely to shift into 
the past than toward the present as virus genomes 
accumulate through time (30). 

To explore the possible routes of entry of ZIKV 
in Brazil, we collated airline flight data from all 
countries with reported ZIKV outbreaks between 
2012 and the end of 2014. From late 2012, we find 
an increase in the number of travelers arriving in 
Brazil from these countries, rising from 3775 pas- 
sengers per month in early 2013 to 5754 passeng- 
ers per month a year later (Fig. 3C). This increase 
in visitors to Brazil from ZIKV-affected countries 
coincides with the period during which ZIKV is 
estimated to have entered the Americas (i.e., be- 
tween TMRCAs of clades A and B) (Fig. 3B and 
supplementary materials section 5). If the ZIKV 
epidemic in Brazil did indeed arise from a single 
introduction, then the virus must have circulated 
in the country for at least 12 months before the 
first case was reported in May 2015. ZIKV clinical 
symptoms may be confused with those caused by 
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municipality in Paraiba state (21)]. Red symbols indicate ZIKV genomes isolated 
from microcephaly cases. Federal states are indicated by two-letter codes: PA, 
Para; MA, Maranhdo; CE, Ceara; RN, Rio Grande do Norte; PB, Paraiba; SP, Sao 
Paulo. Per-capita incidences in each state were calculated using high-resolution 
gridded human population-size data sets for Brazil (45). (C) Incidence of sus- 
pected microcephaly cases per 100,000 people in each federal state. Per-capita 
incidences for each state were calculated as described for (B). 
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dengue and chikungunya viruses, two endemic 
and epidemic viruses that cocirculate and share 
mosquito vectors with ZIKV in Brazil (27, 32, 33). 
Reliable differential diagnosis is possible only by 
using improved surveillance and laboratory diag- 
nostics, which are now being implemented through- 
out the country. 

There are two published hypotheses for how 
ZIKV came to be introduced into Brazil: during 
(i) the 2014 World Cup soccer tournament (12 
June to 13 July 2014) (29) or (ii) the Va’a canoe 
event held in Rio de Janeiro between 12 and 17 
August 2014 (34). Alternatively, introduction could 
have occurred during (iii) the 2013 Confederations 
Cup soccer tournament (15 to 30 June 2013). 
Notably, events (ii) and (iii) included competitors 
from French Polynesia. Our results suggest that 
the introduction of ZIKV to the Americas pre- 
dated events (i) and (ii). Although the molecular 
clock dates are more consistent with the Con- 
federations Cup tournament, that event ended 
before ZIKV cases were first reported in French 
Polynesia (4). Consequently, we believe that large- 
scale patterns in human mobility will provide 
more useful and testable hypotheses about viral 
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introduction and emergence (33, 35, 36) than ad 
hoc hypotheses focused on specific events. 

The ZIKV genome we obtained from a micro- 
cephaly case in Ceara, Brazil, contains eight amino 
acid changes not observed in any other complete 
genome in our data set. However, none of these 
mutations are shared with either of two recently 
published genomes from microcephaly cases 
(16, 21). Thus, if a causal link between Asian lineage 
ZIKV and microcephaly is confirmed, it is possible 
that putative viral genetic determinants of disease 
will be found among the amino acid changes that 
occur on the ZIKV phylogeny branches ancestral 
to the French Polynesian and American ZIKV lin- 
eages (i.e., the two lineages associated with reports 
of microcephaly, Guillain-Barré syndrome, and 
congenital abnormalities) (37). Phylogenetic char- 
acter mapping using parsimony reveals 11 amino 
acid changes on the four internal branches (Fig. 2, 
asterisks; and fig. S3) leading to these two lin- 
eages. We identified the structures of homologous 
proteins most closely related to the ZIKV proteins 
(supplementary materials section 7) and used 
them to map 7 of the 11 amino acid changes, in a 
structural context, to five proteins: the pr-peptide 


African genotype 


94 


Year 


SCIENCE sciencemag.org 


region of prM [changes Val’?—Ala’® (V123A) 
and S139N (S, Ser; N, Asn)], NS1 (A982V), the 
RNA helicase [NS3; N1902H and Y2086H (H, His; 
Y, Tyr)], the FtsJ-like methyl transferase domain 
[NS5; M2634V (M, Met)], and the thumb domain 
of RNA-directed RNA polymerase (NS5; M3392V) 
(fig. S7). None of these mutations are predicted to 
substantially affect the physicochemical proper- 
ties of the protein environment, except possibly 
Y2086H (in the helicase; fig. S8), which may in- 
crease the hydrophilicity of the region. The re- 
maining four amino acid changes could not be 
accurately mapped due to the absence of suitable 
related x-ray structures (supplementary materials 
section 7). Notably, none of the observed changes 
map to the E glycoprotein ectodomain, the prima- 
ry target of humoral immune responses against 
flaviviruses (38, 39). Factors other than viral ge- 
netic differences may be important for the pro- 
posed pathogenesis of ZIKV; hypothesized factors 
include coinfection with chikungunya virus (40), 
previous infection with dengue virus (40), or differ- 
ences in human genetic predisposition to disease. 

Besides vector-borne and mother-to-child trans- 
mission, Zika virus may also spread via sexual 


Fig. 2. Maximum likelihood phylogeny of ZIKV 
complete coding region sequences. Bootstrap 
scores are shown next to well-supported nodes, and 
the phylogeny was midpoint rooted. A fully anno- 
tated tree is provided in fig. S2. The American ZIKV 
outbreak clade is drawn as a narrow white triangle 
and is shown in detail in Fig. 3. Asterisks highlight 
the four internal branches that are ancestral to the 
American ZIKV lineage (See main text and fig. S3). 
There is a correlation between the sampling date 
of each sequence and the genetic distance of that 
sequence from the root of a maximum likelihood 
phylogeny of the Asian genotype (correlation co- 
efficient R* = 0.997). A molecular clock phylogeny 
of these data is shown in Fig. 3. The Malaysian strain 
(HQ234499) sampled in 1966 is the oldest repre- 
sentative of the Asian genotype and falls on the 
regression line, indicating that it does not appear 
to be unusually divergent for its age. A similar analy- 
sis with the HQ234499 strain excluded is shown in 
fig. S5C. 
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Parasites resistant to the 
antimalarial atovaquone fail to 
transmit by mosquitoes 


Christopher D. Goodman,'’*+ Josephine E. Siregar,””®{+ Vanessa Mollard,* 
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Drug resistance compromises control of malaria. Here, we show that resistance to a 
commonly used antimalarial medication, atovaquone, is apparently unable to spread. 
Atovaquone pressure selects parasites with mutations in cytochrome b, a respiratory 
protein with low but essential activity in the mammalian blood phase of the parasite life 
cycle. Resistance mutations rescue parasites from the drug but later prove lethal in the 
mosquito phase, where parasites require full respiration. Unable to respire efficiently, 
resistant parasites fail to complete mosquito development, arresting their life cycle. 
Because cytochrome b is encoded by the maternally inherited parasite mitochondrion, 
even outcrossing with wild-type strains cannot facilitate spread of resistance. Lack of 
transmission suggests that resistance will be unable to spread in the field, greatly 
enhancing the utility of atovaquone in malaria control. 


tovaquone, a component of the safe and 

effective antimalarial medication Malarone, 

kills both the blood and liver stages of 

malaria (1). The rollout of cheap generics 

should see increased atovaquone usage, 
and atovaquone derivatives are in development 
(1). Atovaquone is prone to resistance (1), and it 
has been assumed that this resistance will spread 
(2, 3), as it has for other antimalarials (4, 5). 
However, the target of atovaquone, cytochrome b 
(cytB) (6-9), has unique genetics (0-12) and ex- 
periences differential selection across the malaria 
parasite life cycle (13), which prompted us to in- 
vestigate whether atovaquone resistance can spread 
via the mosquito vector. 

We tested three atovaquone-resistant strains of 
the rodent malaria parasite Plasmodium berghei, 
each with different mutations in their mitochondrial 
DNA-encoded cytB gene (14, 15), for transmissibility 
from mouse to mosquito and back to mouse (Table 1). 
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Anopheles stephensi mosquitoes were fed on 
mice infected with either the parental PhANKA 
strain or one of the three atovaquone-resistant 
mutants, and sexual development of parasites 
in mosquitoes was assayed (Table 1). All three 
atovaquone-resistant parasite lines produced wild- 
type numbers of active male gametes (exflagellation) 
(Table 1). Parasites carrying the PbM133I and 
PbY268C mutations in their cytB gene were able 
to self-fertilize, generate ookinetes, and successful- 
ly produce oocysts, but the oocysts produced had 
developmental defects (Fig. 1, A and B, and Table 
1). Parasites with the PbY268N mutation were de- 
fective in the ability to self-fertilize and infect the 
mosquito host (Table 1) due to severely impaired 
female gamete activation (Fig. 1C). From 17 at- 
tempted mosquito infections, no parasite carrying 
an atovaquone-resistant cytB mutation was able 
to generate the sporozoite stages in the mosquito 
salivary glands or was able to infect a naive mouse 


(Table 1). We conclude that the rodent malaria 
atovaquone-resistant cytB mutants tested—which 
represent a good cross section of the clinical 
atovaquone-resistant genotypes, including the 
common Y268 locus (J6)—are unable to transmit 
from mouse to mouse via A. stephensi mosqui- 
toes when self-fertilizing. 

To determine whether outcrossing with 
atovaquone-sensitive parasites could help transmit 
the atovaquone resistance genes, we generated 
crosses of our atovaquone-resistant P. berghei 
lines with atovaquone-sensitive parasites. These 
experiments simulate what might happen if a 
mosquito bit an individual (or separate individu- 
als) infected with both atovaquone-resistant and 
atovaquone-sensitive parasites, which can then mate 
in the mosquito gut. They allow us to assess whether 
the presence of wild-type copies of the cytB genes 
from one parent can complement a mutation in 
the other, as observed with deletions of electron 
transport components encoded in the nuclear 
genome (17). We first crossed PbY268C with an 
atovaquone-sensitive line (wild-type cytB) car- 
rying a mutation (75) in the nucleus-encoded 
dihydrofolate reductase (dhfr) gene conferring 
pyrimethamine resistance (PbdhfrS110N) by pool- 
ing blood from separate infected mice and then 
membrane-feeding mosquitoes. Sporozoites were 
produced, and all 14: naive mice bitten by these 
mosquitoes (three trials) developed blood-stage 
infections. Genotyping of these progeny [passage 
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zero (PO)] showed that outcrossing had occurred 
because 2 out of 14 mice carried parasites with 
both the wild-type and pyrimethamine-resistant 
(S1ION) alleles of Pbdhfr. However, all 14 mice car- 
ried parasites with only wild-type, atovaquone- 
sensitive cytB alleles; outcrossing did not facilitate 
transmission of atovaquone resistance. 

To explore this further, and quantify the level 
of outcrossing, we fed A. stephensi mosquitoes 
from mice infected with equal numbers of an 
atovaquone-sensitive line that constitutively ex- 
presses green fluorescent protein (GFP) from the 
nucleus (1/8) and one of our three atovaquone- 
resistant lines (PbM133I, PbY268C, or PbY268N), 
which lack GFP. All crosses between sensitive 
(PbGFP) parasites and our atovaquone-resistant 
parasites successfully infected the mosquitoes, 
and these mosquitoes were able to infect naive 
mice by biting (Table 2). Presence in the progeny 
of both the GFP and the wild-type (no GFP) nu- 
clear markers confirmed outcrossing (Table 2). 
However, all the progeny had wild-type cytB geno- 
type and were sensitive to atovaquone (Table 2 
and fig. S1), reaffirming that the resistance muta- 
tions cannot be complemented and transmitted, 
even when one parent carries a wild-type version 
of the gene. We conclude that outcrossing cannot 


assist transmission of the commonly occurring 
cytB mutations conferring atovaquone resistance. 

The malaria parasite cytB gene is encoded on 
maternally inherited mitochondrial DNA (J0-12), 
which implies that known forms of atovaquone 
resistance must be maternally inherited. We rea- 
soned that the block in mosquito-stage develop- 
ment when atovaquone-resistant parasites attempt 
to self-fertilize (Table 1) is due to the mutation in 
the cytochrome 0 protein in the mitochondrion, 
which is only carried by the female gamete and 
effectively renders cytB mutant females sterile. 
To confirm this, we crossed our three P. berghei 
atovaquone-resistant lines with parasites genet- 
ically modified to be either male sterile (genotype 
Pbs48|45Ko) or female sterile (genotype Pbnek-4ko) 
(19, 20). If atovaquone resistance is indeed linked 
to mitochondrial inheritance, we expect normal ge- 
netic recombination from crosses to male-deficient 
parasites but no progeny from attempted crosses 
to asecond female-deficient line. After confirming 
the phenotypes of the tester parasite lines (18-20), 
we crossed each of them with our three P. berghei 
cytB mutants. Crosses to the male-deficient line 
resulted in recombinant progeny (Table 2), con- 
firming previous results from outcrossing to wild 
type. Again, though, all progeny from these crosses 


had wild-type, atovaquone-sensitive cytB geno- 
type (Table 2), so they must have acquired their 
mitochondria from Pbs48|45ko female gametes 
(Fig. 2C). 

Crossing atovaquone-resistant lines with the 
female infertile Ponek-4ko (20) resulted in no 
progeny in 16 of 17 attempts to transmit to a 
naive mouse (Table 2), largely confirming our hy- 
pothesis that the atovaquone-resistant mutants 
are effectively female sterile. In a single instance, 
parasites carrying the Y268C mutation were trans- 
mitted but with a markedly reduced efficiency 
(8 days to patency) (Table 2). Three independent 
cloned lines of the parasites recovered from this 
sole transmission event (named PbY268C PO) were 
unable to retransmit when either self-fertilized 
or backcrossed to Pbnek-4ko parasites (Tables 
1 and 2); passage had not improved their trans- 
missibility. In sum, from 44 separate transmission 
attempts involving 750 mosquito bites, atovaquone 
resistance transmission was only observed once, 
and this mutant was unable to transmit further 
despite seven attempts. We conclude that the 
cytB mutations in the mitochondrial DNA of 
atovaquone-resistant rodent malaria parasites 
render them effectively female sterile and hence 
largely unable to pass on the resistance gene, 
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Table 1. Atovaquone-resistant mutants in rodent and human malaria parasites fail to produce sporozoites in mosquitoes, and bite-back experiments 
with mice yielded no resistance transmission. All values are SEM. ICs5o, median inhibitory concentration; wt, wild type; nd, no data available; na, not applicable. 


Ookinetes Midgut infection Sporozoites 


; Exflagellations f R 3 ne Time to 
Parasite genotype Atovaquone Number of ario*red per mosquito % infected oocytes per per mosquito Transmission to aes 
nuclear/mitochondrial ICs59 (nM) infections (n = no. of mosquito (n = no. (n = no. of naive mice - Y 

blood cells s : : (days) 
mosquitoes) of mosquitoes) mosquitoes) 
23276 + 810.7 ie 10,348 AL 3} 
Pb wt/wt 91404 6 15,6} a IL) ls ‘ 109.8 + 21.7 a 373 : 
(58) 25 C279) 22 0)3) 
ee sae Cone eee Dares Meg ie teh Pace staat ONL e Gate a nuh I CERNE tar AION Re EVRY CRED 
ie 
1488 + 549 ee 
Pb wt/M1331 250 + 41 4 BiG) 28 iL) Bo), 2 28 C)s3} ) 0/4 na 
(38) 
Se creator a erect tee a he gt oe tence ten eee eer ACE GTR GOS I asses seectnectciparetess aos ane wat sued ys hatetrn vananer ete 
f 
725e 5210) ge 
Pb wt/Y268C 23,695 + 915 3 ALIS) ae; 1S) ZAO) == 28) 0) 0/5 na 
(30) 
SPs tes eran aestan cited OD NARS ry SORIA ne ANA fh Mase eect aay cst Ana torneo fr eG erie han wR ar tet hunt 
46 
347 + 97.0 aes 
Pb wt/Y268C PO 19,080 + 1119 4 6) 7/ 2s Iz (29) fil = 1K0)/2 0) 0/6 na 
I a ee SP ea ee A te er eee ee oe, 
a 
41.7 = 41.7* ve 
Pb wt/Y268N NMG2Z5 E225 6 78) 22 ILE) QF} 22 7 ) 0/5 na 
(81) 
Re ale a ae nee ne A aE ea eS UO RE C1) ERNIE Te PCE TSE Renan At eee ne 
4 
1918 + 225 eee 
PfNF54e/wt PPS) ax, IJ} 4 20.0 + 9.3 98.5 + 38.5 nd na na 
(30) 
SSR OA eaten Retreat terotede kia Ct soy care Ai Ane etek Gaerne ae (Oe reat ee ee ent eee mer nat 
115) ae 115) 
Pf NF54e/M1331 Igy 2 22 Sh) 4 ©),S} 35 Shs} 0) OOP 23 O02. nd na na 
Rod eee See eee OER ee See Mae Meee meee ee mee ee eve Coe ee ee ee eee A 
Sas il 
Pf NF54e/V259L 815,83) a8 215 4 7044.3 0) 0.03 + 0.01 nd na na 
(154) 


*Parasites were detected from only a single experiment. 
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which must be inherited through the mitochon- 
drion (Fig. 2). 

To determine whether the impact of cytB mu- 
tations conferring atovaquone resistance on trans- 
mission is similar in the human malaria parasite 
(P. falciparum), we selected atovaquone-resistant 
lines by repeated exposure to sublethal concen- 
trations of a drug during in vitro culture (16). Two 


clones, with different mutations in cytB (M1331 
and V259L), were established (Table 1). In vitro 
cultured gametocytes were fed to A. gambiae 
mosquitoes, and oocyst numbers were counted 
7 days after infection (Table 1). The parental line 
(NF54e) retained normal mosquito infectivity 
(Table 1). However, the two atovaquone-resistant 
mutants were severely impaired in their mos- 


quito infectivity and in the number of oocysts 
produced when infection did occur (Table 1). 
The severe defect in activation of female ga- 
metes phenocopies the reduced number of ac- 
tivated females in the rodent malaria PbY268N 
(Fig. 1C). We conclude that human P. falciparum 
malaria parasites carrying atovaquone resistance 
mutations in cytB are unable to successfully infect 


Table 2. Outcrossing atovaquone-resistant rodent malaria lines to sensitive lines does not facilitate resistance transmission because resistance is 
maternally inherited. All values are +SEM: wt, wild type; nd, no data available; na, not applicable. 


Midgut infection 


% infected Sporozoites 


Cross Exflagellations a Time to c ‘ 
Number of A oocytes per per mosquito Transmission Nuclear Mitochondrial 
nuclear genotype/ " : per 10 ‘ #4 A patency 
; i infections mosquito (n=no.of to naive mice genotype PO = genotype PO 
mitochondrial genotype red blood cells . (days) 
(n = no. of mosquitoes) 
mosquitoes) 
93 +6 12,433 
GFP/wt x GFP/wt S 6.07 + 1.88 211.2 +404 + 1822 4/4 4+0 100% GFP wt 
(30) (29) 
Be yates aay ies ye eee se nage aac oer enia se ae ig ne Adee Crete Ser acre arere ements 
wt/M1331 x GFP/wt 3 G7 ae BANS) 140.7 + 76.3 + 3139 4/4 60 + 4% GFP wt 
+03 
(31) (55) 
See teen ea eer rai es ae occ ar caee ee ereRe te eee ee wer eaten eee a ae ea a a ee a a 
wt/Y268C x GFP/wt $} 1.83 + 0.73 PMO) ax: ilS\{0) 272599) 3/4 4+0 50 + 8% GFP wt 
(42) (57) 
rears irra eee cererepersstrrerseeceee cee eat cere ert eeaeerereremereee errr erent eeeractce Ee a Se ae a 
wt/Y268N x GFP/wt 3 @.7s) as 2g} 16.8 +81 + 2899 4/4 ALB as (OS 222 177% (ClrP wt 
(29) (45) 
Oe ee eee ee eee pee tac tee erect anteater bec: Ease cE eectem anette 
nek-4ko/wt x nek-4ko/wt 2 SOL 62 = na na na na na 
44 
548|45ko/wt x nek-4ko/wt 1 10.2 9.9 ie V1 5 eee nd 
(17) and nek-4ko 
(15) 
Gece ey eee elector saree ace ree peers veasaeetetey eeecetezige rir ssavacueeeree Sone eie ion as egrareeeecrer erie again a a cs A is dg 
GFP/wt x nek-4ko/wt 2 HESS 31.8 + 26.8 + 4425 2/2 4+0 57 + 5% GFP wt 
(22) (25) 
2 18,900 
wt/M1331 x s48|45ko/Awt 1 22 73 (10) 1/1 4 wt and s48|45ko wt 
(12) 
ie 8500 
wt/Y268C x s48|45ko/wt 1 64 16 (10) sVAl 4 wt and s48|45ko wt 
Rn eRe ie eee ae eR in Be ee ae CO ee ere et oh Peet Nore ae eee re nee Mee ee eee Oe ea ee 
ae ZV25 
wt/Y268N x s48|45ko/wt 1 8.1 8.9 (40) 1/1 4 wt and s48|45ko wt 
Spec ate See iiss ane cuca pine Cau ese aie eae CS) AEE Ne AUN TTE TREN PELE TN OREN NC RPE RE OURS Re Rieti mS 
48 +14 0 
wt/M1331 x nek-4ko/wt 4 Piste i) SO 36 0/5 na na na 
(80) 
(73) 
Mer Cty CR Rt ette grtenerten er ttterrsdtl a ecie ie Heatran ER tee hee aE Pesce raeanp 2 soar aang ag saa 
wt/Y268C x nek-4ko/wt 5 73443 5.6 + 3.6 (108) 1/7 8 wt Y268C 
a ae ee Re res re ana ee a Cac hath oa ere te ene nt ae a RL ON 
41+10 0 
wt/Y268CPO x nek-4ko/wt S 9.34 4.5 62226 (76) O75 na na na 
Ce en Ge eM RRM ae Pe ee tee Ree n aee EAGLES SOMA a CSTR Ae Meet aE RUT Rr eee TO 
43421 0 
wt/Y268N x nek-4ko/wt S 26221 18.8 + 16.7 (i) 0/3 na na na 
(4) 


*Sporozoites detected in only one infection trial. 
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Fig. 1. Atovaquone-resistant parasites 
generate small, malformed oocysts in 
the mosquito that fail to form infec- 
tious sporozoites. (A) (a to e) Develop- 
mental series of oocyst sporogony in 
PbANKA (atovaquone sensitive and wild 
type) over ~18 days. The sporoblast buds 
off hundreds of long, thin sporozoites 
within the cyst wall. (f to j) Atovaquone- 
resistant mutant (PbM1331) has smaller 
oocysts with dense cytoplasm, and spo- 
rozoite budding is minimal. Rare oocysts 
(j) form short, thick sporozoites that do not 
emerge. (k to 0) Atovaquone-resistant 
mutant (PbY268C) also has small, dense, 
misshapen oocysts that fail to bud off any 
sporozoites. Scale bar, 25 um. (B) Quanti- 
fication of oocyst area at 12 days after 
feeding, showing reduced size of 
atovaquone-resistant parasites. Bars rep- 
resent median with interquartile range. 
***P < 0.001); difference between three 
atovaquone-resistant lines is not signifi- 
cant (P > 0.05); Dunn's multiple compar- 
ison test. (©) Number of activated fernales 
in P. berghei (all activated forms 24 hours 
after feeding) and P. falciparum (females 
and zygotes present 20 hours after 
feeding). 
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Fig. 2. The genetics of inheritance of mitochondrial DNA-encoded atovaquone resistance mutations in cytB prevent transmission. (A) Parasites with 
atovaquone-resistant cytB genes in their mitochondrion (mito res) cannot generate viable progeny by self-fertilization and cannot transmit. (B) Susceptible 
(mito sus) parasites produce susceptible progeny when self-fertilizing. (©) Sperm from resistant lines are able to fertilize eggs from susceptible lines and 
recombinant progeny ensue, but all inherit a susceptible mitochondrion from the female parent. (D) Sperm from susceptible lines fertilizing eggs carrying a 
mitochondrion-encoded resistance allele. The progeny develop poorly in mosquitoes, are not viable, and cannot transmit. 


A. gambiae mosquitoes, which strongly suggests 
that human malaria parasites will also be un- 
able to transmit atovaquone-resistant mutations 
efficiently. 

Our findings show that common, clinically rel- 
evant atovaquone resistance mutations block trans- 
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mission of malaria by the mosquito vector and that 
this phenotype is a consequence of maternal inher- 
itance of the mitochondrion. Why are cytB muta- 
tions “genetic time bombs” that affect the mosquito 
stages of the parasite so severely? All clinically 
recovered atovaquone resistance mutations are in 


the quinol oxidase (Q°) site of the mitochondrion- 
encoded cytochrome 0 protein and prevent 
atovaquone from displacing ubiquinone from 
complex III in the mitochondrial electron trans- 
port chain (J, 6-9, 16). Importantly, ubiquinone > 
cytochrome b electron transport operates at only 
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minimal levels during the malaria parasite blood 
phase, which relies solely on aerobic glycolysis 
(21). Nevertheless, nominal transport is essential, 
primarily as an electron sink for pyrimidine bio- 
synthesis (22). We hypothesize that the modest 
levels of mitochondrial electron transport during 
blood phase offer relaxed selection on cytB—which 
is multicopy and easily mutable (3, 23)—allowing 
respiration-deficient mutants (8, 24) with reduced 
atovaquone binding (9) to be readily selected 
by drug pressure. However, when these mutants 
switch to the mosquito phase—which relies on 
full aerobic respiration with an active tricarbo- 
xylic acid cycle (25), robust electron transport 
(17, 26, 27), and mitochondrial adenosine triphos- 
phatase activity (28)—the respiration deficits of 
the cytB mutants (8, 24) prevent them from com- 
pleting their development and generating infectious 
sporozoites. This results in a block of transmission 
of atovaquone resistance genotypes to new hosts— 
a block that cannot be overcome by outcrossing 
because cytB is maternally inherited. 

Cytochrome 0 is thus a rather unique malaria 
drug target. Its genetics are constrained by ma- 
ternal inheritance (10-12, 29), there is no recom- 
bination of mitochondrial DNA (23), and markedly 
different selection regimes in the mammalian 
versus the mosquito hosts (17, 25, 26, 28) all com- 
bine to restrict the parasite’s options to disseminate 
mutations conferring resistance to atovaquone, 
even though they can arise relatively quickly in 
patients (2, 3). These constraints likely apply to 
other cytochrome 0 targeting drugs currently 
under development (30-32) and perhaps to drugs 
targeting the maternally inherited apicoplast 
(10-12, 29), an endosymbiotic organelle drug tar- 
get that also has differential activity across the 
life cycle. 
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CELL BIOLOGY 


Nuclear envelope rupture and repair 
during cancer cell migration 


Celine M. Denais,’* Rachel M. Gilbert,’* Philipp Isermann,’* Alexandra L. McGregor," 
Mariska te Lindert,” Bettina Weigelin,” Patricia M. Davidson,’ Peter Friedl,”?’* 


Katarina Wolf,” Jan Lammerding'+ 


During cancer metastasis, tumor cells penetrate tissues through tight interstitial spaces, 
which requires extensive deformation of the cell and its nucleus. Here, we investigated 
mammalian tumor cell migration in confining microenvironments in vitro and in vivo. 
Nuclear deformation caused localized loss of nuclear envelope (NE) integrity, which led 
to the uncontrolled exchange of nucleo-cytoplasmic content, herniation of chromatin 
across the NE, and DNA damage. The incidence of NE rupture increased with cell 
confinement and with depletion of nuclear lamins, NE proteins that structurally support 
the nucleus. Cells restored NE integrity using components of the endosomal sorting 
complexes required for transport III (ESCRT III) machinery. Our findings indicate that cell 
migration incurs substantial physical stress on the NE and its content and requires 
efficient NE and DNA damage repair for cell survival. 


he nuclear envelope (NE), comprising the 
inner and outer nuclear membranes, nu- 
clear pore complexes, and the nuclear lam- 
ina, presents a physical barrier between the 
nuclear interior and the cytoplasm that pro- 
tects the genome from cytoplasmic components 
and establishes a separate compartment for DNA 
and RNA synthesis and processing (1). Loss of 
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NE integrity and nuclear pore selectivity has 
been linked to the normal aging process and a 
variety of human diseases, including cancer (2). 
In cancer progression, key steps of tumor cell 
invasion depend upon deformation of the nu- 
cleus into available spaces within the three- 
dimensional tissue (3-6). Whereas the cytoplasm 
of migrating cells can penetrate even submicron- 
sized pores, the deformation of the large and 
relatively rigid nucleus becomes a rate-limiting 
factor in migration through pores <25 um? in 
cross section (4, 6-10). We hypothesized that 
migration through such tight spaces provides a 
substantial mechanical challenge to the integrity 
of the nucleus. Thus, we investigated whether 
cell migration through confining spaces induces 
NE rupture and compromises DNA integrity 
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and how cells repair such NE ruptures during 
interphase. 

To model cancer cell invasion with precise 
control over cell confinement, we designed a mi- 
crofluidic device containing constrictions with 
fixed height and varying widths mimicking in- 


Fig. 1. Nuclear rupture during migra- 
tion through confining environments. 
(A) Image sequence of an MDA-MB-231 
breast cancer cell that exhibited 
multiple NE ruptures while moving 
through 2- x 5-um? constrictions. See 
also movie S1. DIC, differential interfer- 
ence contrast; EGF, epidermal growth 
factor. Here and in all other figures, red 
arrows and lines below frames indicate 
beginning and duration of NE rupture(s). 
Scale bar, 20 um. (B) Fluorescence 
intensity (arbitrary units) of nuclear and 
cytoplasmic NLS-GFP of the cell in (A), 
showing loss of nuclear signal and 
concomitant increase in cytoplasmic 
fluorescence upon NE rupture, followed 
by gradual reimport of NLS-GFP into 
the nucleus. R1 to R3 indicate NE 
rupture events. (C) NE rupture in an 
HT1080 fibrosarcoma cell coexpressing 
NLS-GFP and fluorescently labeled 
histones (H2B-RFP) migrating inside a 
collagen matrix (2.5 mg/ml) with MMP 
inhibitor GM6001. See also movie S2. 
White arrowheads indicate the minimal 
nuclear diameter. (Insets, top row) 
Close-up of nuclear bleb formation (red 
arrowhead). Scale bar, 10 um; insets, 

2 um. (D) Minimal nuclear diameter and 
nuclear and cytoplasmic NLS-GFP fluo- 
rescence intensity for the cell in (C). 
(E) Minimal nuclear diameter in 
rupturing and nonrupturing HT1080 
cells in collagen matrix. ***P < 0.001; 
n= 159 and 62 cells, respectively. 

(F) Incidences of NE rupture as a function 
of constriction sizes in collagen matrices 
[slope = -1.224; coefficient of determi- 
nation (R*) = 0.999] and microfluidic 
devices during a ~12-hour period (slope = 
-1.219; R* = 0.974). Regression based 
on HT1080 and MDA-MB-23]1 cells; 

n = 55 to 445 cells per condition. 

(G and H) Multiphoton image of HT1080 
fibrosarcoma cells 5 days after implanta- 
tion into the mouse dermis. Dashed box 
in (G) indicates cell with NE rupture and 
nuclear bleb (arrowhead) shown in (H). 
Collagen fibers detected by second 
harmonic generation (SHG); blood 
vessels visualized by AlexaFluor-750— 
abeled 70 kD dextran. Scale bar, 20 um. 
I) Fluorescence intensity of cytoplasmic 
red) and total (black and gray) NLS-GFP 
signal in rupturing (red and black) and 
nonrupturing (gray) cell(s) in the same 
field of view. (J) Incidence of NE rupture 
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detected NE rupture using previously established 
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labeled cytoplasmic proteins into the nucleus (fig. 
$2) and could also be detected by accumulation 
of the fluorescently labeled DNA-binding pro- 
teins’ barrier-to-autointegration factor (BAF) (5) 
and guanosine 3’,5'-monophosphate-adenosine 
3’,5'-monophosphate (cyclic GMP-AMP) synthase 
(cGAS) (16) at sites of NE rupture (fig. S3). 

We then tested whether NE rupture also oc- 
curs during cancer cell migration in biological 


environments. Fibrosarcoma cells and skin fibro- 
blasts exhibited NE rupture during migration in 
fibrillar collagen matrices (Fig. 1, C and D; fig. S4; 
and movie S2), with kinetics similar to those 
recorded in the constriction channels (fig. SIM). 
NE rupture typically occurred when the minimal 
nuclear diameter, which closely matches the pore 
size encountered by the cell (6), dropped to 3 um 
(Fig. 1, D and E) and so linked NE rupture to cell 


movement through narrow spaces. Accordingly, 
NE ruptures were rare (i.e., below 5% per ~12- 
hour observation period) for cells migrating on 
glass, in low-density collagen matrices, or through 
channels 15 x 5 um? wide, in line with previously 
reported rates of spontaneous NE rupture in 
cancer cell lines (73). However, when matrix pore 
sizes were reduced to 5 to 20 1m? and below by 
increasing collagen concentration and/or by 
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Fig. 2. Confined migration leads to chromatin protrusions, nuclear fragmen- 
tation, and DNA damage. (A) Representative image of an MDA-MB-231 
cell coexpressing GFP-lamin C and H2B-RFP developing chromatin protrusion 
(arrowhead) during migration through a microfluidic constriction. Scale bar, 
5 um. (B) HT1080 cell in a collagen matrix (2.5 mg/ml + GM6001) with 
chromatin protrusion (arrowheads) across the nuclear lamina, stained for 
lamin A/C (green), DNA (red), and F-actin (turquoise). Scale bars, 10 um; 
bottom inset, 2 um. (C) Percentage of cells with chromatin protrusions as 
a function of collagen matrix pore size. 2D, unconfined migration on glass 
slide. **P < 0.01; ***P < 0.0001; n = 50 to 146 cells per condition. (D) Rep- 
resentative image sequence of the formation of chromatin-filled nuclear 
membrane blebs (white arrowheads) and subsequent nuclear fragmenta- 
tion in an MDA-MB-231 breast cancer cell coexpressing NLS-GFP (green) 
and H2B-RFP (red) during migration through consecutive 2- x 5-um? con- 
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strictions. Insets are indicated by dashed lines. See also movie S6. (E) Per- 
centage of cells with fragmented nuclei before entry into constriction channel, 
inside the channel, and after exit. ***P < 0.001; n = 9775, 1376, and 3072, 
respectively. (F) Example of an intact nucleus (left top), a nucleus with a 
small fragment (arrowhead) (left middle), and a nucleus with a y-H2AX— 
positive fragment (left bottom). Scale bar, 10 um. Percentage of cells with 
y-H2AX-positive nuclear fragments before, inside, and after migration through 
constriction channels (right). ***P < 0.001; n = 1376 to 3072 cells per con- 
dition. (G) Percentage of HT1080 cells migrating through 2- x 5-um*? or 1- x 
5-um* constrictions that formed 53BPI-RFP foci as a function of nuclear 
rupture. **P < 0.01, n = 35 cells total. (H) Representative example of forma- 
tion of 53BP1 foci (arrowheads) in U2OS cell coexpressing NLS-GFP and RFP- 
53BP1 during migration through 2- x 5-wm* constriction and NE rupture. 
Scale bar, 10 um. Error bars, SE. 
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blocking the cells’ ability to cleave collagen fibers 
and widen pores by addition of a matrix metal- 
loprotease (MMP) inhibitor, the incidence of NE 
rupture increased 10-fold and more (fig. S5, A 
and B). Similarly, reducing the pore size of the 
microfluidic channels to <20 um? increased NE 
rupture more than 10-fold (fig. $5, C and D). 
Irrespective of the experimental model, the in- 
cidence of NE rupture increased exponentially 
with decreasing pore size (Fig. IF) and reached 


Fig. 3. Molecular sequence of 
nuclear rupture. (A) Nuclear 


>90% when the nuclear height was confined to 
3 um (fig. SSE). Imaging HT1080 fibrosarcoma 
cells invading the collagen-rich mouse dermis 
in live tumors after orthotopic implantation con- 
firmed that migration-induced NE rupture also 
occurs in vivo, particularly in individually dissem- 
inating cells (Fig. 1, G to J; fig. S6; and movie S3). 
NE rupture was less prevalent in cells moving as 
multicellular collective strands (Fig. 1J and fig. 
86), which typically follow linear tracks of least 


resistance and undergo less pronounced nuclear 
deformations (3, 7). 

NE rupture in vitro and in vivo was often ac- 
companied by protrusion of chromatin through 
the nuclear lamina (Fig. 2, A and B; fig. S7, A to I; 
and movies S4 and S5). The incidence of such 
“chromatin herniations” increased significantly 
with decreasing pore sizes (Fig. 2C and fig. S7H). 
In severe cases, small pieces of the nucleus were 
pinched off from the primary nucleus as cells 
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passed through narrow constrictions (Fig. 2D 
and movie S6), which resulted in an elevated and 
persistent fraction of cells with fragmented nuclei 
(Fig. 2E and fig. S7J). Furthermore, cells that 
had passed through microfluidic constrictions 
had more nuclear fragments positive for y-H2AX, 
a marker of DNA double-strand breaks (77), than 
cells that had not yet entered the constrictions 
(Fig. 2F), consistent with recent reports that loss 


Fig. 4. ESCRT Ill mediates nuclear 
envelope repair. (A) CHMP4B-GFP 
was transiently recruited to the site of 
nuclear membrane damage (arrow- 
head). See also movie S7. Dashed 


of NE integrity in micronuclei can cause DNA 
damage (14) and chromothripsis (78). Intense 
y-H2AX staining could also be found at chroma- 
tin protrusions (fig. S8A). To confirm that DNA 
damage was caused by migration-induced nuclear 
deformation and NE rupture, we performed live- 
cell imaging on cells coexpressing NLS-GFP and 
fluorescently labeled 53BP1 (RFP-53BP1), another 
marker of DNA damage (19, 20). NE rupture, and 
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even severe nuclear deformation alone, resulted 
in rapid formation of new RFP-53BP1 foci as cells 
squeezed through the constrictions (Fig. 2, G and 
H; and fig. S8, B to G), consistent with previous 
reports of increased activation of DNA damage 
response genes after compression-induced chro- 
matin herniation and NE rupture (27). 

To gain further insights into the biophysical 
processes underlying NE rupture, we analyzed 


NLS-RFP 


boxes indicate areas used for mea- 
surements in (B). Representative 
sequence from 12 HT1080 cells total. 
Scale bar, 10 um. (B) CHMP4B-GFP 
fluorescence intensity at rupture site 


(black), normalized to prerupture 


intensity, increased after NE rupture, 
indicated by increase in cytoplasmic 
NLS-RFP signal (gray). Red arrow indi- 
cates time of NE rupture. AF/Fo, the 
change of the intensity from the origi- 
nal intensity before stimulation. (C) 
Recruitment of VPS4B-GFP to sites of 
NE rupture (arrowhead) in an MDA- 
MB-23]1 cell. Dashed boxes indicate 
areas used for measurements in (D). 
Representative example from 18 cells 
total. Scale bar, 10 um. (D) VPS4B-GFP 


NLS-RFP CHMP4B-GFP 


3 8 

o 2¢ 

Ls 9 
B= CHMP4B-| , Qs 
y | “2 GFP sk 
: 25 Oo 
4 zo os2a 
Se ged 
em 20 af 
* Eo re 
rs) 06k G 
BS 15 Oc 
a9 ns 
°% o4g e 
So 10 “2 

P= 

Oo = 

35 0.25 

= oO 

0 
8-40 4 81216 


Time [min] 


NLS-RFP 


fluorescence intensity in the cytoplasm 
(black) increased rapidly after NE rup- 
ture, detected by increase in cyto- 
plasmic NLS-RFP signal (gray). Red 
arrow indicates time of NE rupture. 


(E) Representative superresolution image 
(from 12 cells total) of endogenous 
CHMP4B accumulation at NE rupture 
site. Lamin A/C accumulation con- 
firmed rupture site (red arrowhead). 
Blue arrowhead indicates decreased 
lamin B intensity at the base of the 
bleb. Scale bars, 5 um; inset, 1 um. 

(F) siRNA-mediated depletion of 
ESCRT III proteins CHMP7 and CHMP2A 
in HT1080 cells resulted in an 
increased duration of NLS-GFP in the 
cytoplasm after migration induced NE 
rupture compared with nontarget (NT) 
controls. ***P < 0.001; n = 137 and 107, 
respectively. (G) Expression of the 
dominant-negative mutant 
VPS4B®9°°.GFP increased the dura- 
tion of NLS-GFP in the cytoplasm after 
migration induced NE rupture in 
HT1080 cells, which indicated impaired 
nuclear membrane repair. **P < 0.005; 
n= 17 and 10, respectively. (H) Per- 
centage of HT1080 cells dying after 
migration induced NE rupture, in the 
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the timing and location of NE rupture in regard 
to nuclear deformation, local membrane curva- 
ture, NE composition, and cytoskeletal forces. 
NE rupture occurred predominantly (~76%) at 
the leading edge of the nucleus (Fig. 3, A and B) 
and was almost always (89.9 + 2.14%, n = 198 
cells) preceded by, or coincided with, the for- 
mation of nuclear membrane protrusions (“blebs”) 
as the nuclei moved through the constrictions 
(Fig. 1, C and H; Fig. 3, A and C; and fig. S9). 
Nuclear membrane blebs typically (96.1 + 1.38%, 
n = 178 blebs) formed at sites where the nuclear 
lamina signal, particularly the lamin B1 network, 
was weak or absent (Fig. 3, D to F, and fig. S10, 
A and B). These findings indicate that blebs 
form when segments of the nuclear membrane 
detach from the nuclear lamina and bulge into 
the cytoplasm. Depletion of the lamins A/C and 
lamin B2 significantly increased the likelihood 
of NE rupture (Fig. 3G and fig. S10C), which 
together with previous studies (4, 12, 13, 21-23) 
suggest that lamins are important for stabilizing 
the NE. 

Consistent with previous observations 
(13, 21, 22, 24, 25), the expanding nuclear blebs 
were devoid of GFP-lamin B1 (Fig. 3, D to F) and 
nuclear pores (fig. S10D), and initially contained 
little or no GFP-lamin A and B2 (fig. S10, A and 
B). Upon NE rupture the blebs retracted and col- 
lapsed (Fig. 1, C and H; Fig. 3, A and C; fig. S9; and 
fig. S10, E to H), which suggested that hydrostatic 
pressure was released from the fluid-filled blebs. 
Although the NE contains pores, recent studies 
have shown that the NE can provide an effective 
barrier to support intracellular pressure gradients 
(26, 27). Nuclear pressurization could arise from 
actomyosin contraction at the rear of the nucleus 
that is required to move the nucleus through tight 
spaces (5, 6), which effectively mimicks cellular 
compression experiments (27, 22). Supporting this 
idea, treatment with low concentrations of bleb- 
bistatin, a myosin II inhibitor, significantly de- 
creased the incidence of nuclear rupture (Fig. 3H) 
without inhibiting the ability of cells to migrate 
through larger channels (fig. S10D 

The transient nature of NE rupture suggests 
that cells can efficiently restore nuclear mem- 
brane integrity during interphase. We observed 
rapid (<2 min) accumulation of GFP-lamin A at 
the site of rupture that correlated with the sever- 
ity of nuclear rupture and that often persisted for 
hours (Fig. 3, I to K, and fig. S11). Subsequent 
ruptures within the same cell occurred at distinct 
sites (fig. SILA), which implied local protection by 
these “lamin scars.” Two recent reports have 
shown that members of the endosomal sorting 
complexes required for transport III (ESCRT IT) 
family are involved in resealing the nuclear mem- 
brane during late anaphase (28, 29). To assess 
whether ESCRT proteins have a similar function 
in interphase NE repair, we generated GFP-fusion 
constructs of the ESCRT III subunit CHMP4B, 
involved in recruiting other ESCRT III proteins 
and facilitating membrane scission, and the 
ESCRT III-associated VPS4B, which is required 
for disassembly and recycling of ESCRT III pro- 
teins (30). Upon NE rupture induced by confined 
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migration or laser ablation, CHMP4B-GFP and 
VPS4B-GFP rapidly (in <2 min) formed transient 
foci at the site of nuclear membrane damage 
(Fig. 4, A to D; fig. S12; fig. S13, A to C; and movie 
S7). Superresolution microscopy confirmed recruit- 
ment of endogenous ESCRT III proteins to sites 
of NE rupture into complexes <160 nm in size 
(Figs. 4E and fig. S13, D to H). Recruitment of the 
ESCRT III machinery was independent of micro- 
tubules (fig. S14). Depletion of the ESCRT III 
subunit CHMP2A, CHMP7, or ectopic expres- 
sion of a dominant-negative VPS4B mutant (GFP- 
VPS4BE?*>2) that prevents ESCRT III subunit 
recycling significantly increased the time required 
for nucleo-cytoplasmic recompartmentalization 
(Figs. 4, F and G, and fig. $13, I to N), which 
indicated a crucial role of ESCRT III proteins in 
restoring nuclear membrane integrity. To assess 
the functional relevance of NE repair, we quan- 
tified cell viability after NE rupture. Under normal 
conditions, the vast majority (>90%) of cells sur- 
vived even repeated NE rupture (Figs. 1A and 
4H and fig. S4A). Inhibiting either ESCRT III- 
mediated NE repair or DNA damage repair 
pathways alone did not reduce cell viability, but 
inhibition of both NE and DNA repair sub- 
stantially increased cell death after NE rupture 
(Fig. 4H). 

Taken together, our studies demonstrate that 
cell migration through confining spaces, as fre- 
quently encountered during cancer cell invasion, 
can challenge the integrity of the NE and DNA 
content, which could promote DNA damage, 
aneuploidy, and genomic rearrangements, and— 
in the absence of efficient repair—cell death 
(31). We propose a biophysical model in which 
cytoskeletal-generated nuclear pressure results 
in the formation and eventual rupture of nuclear 
membrane blebs at sites of high membrane cur- 
vature and weakness in the underlying nuclear 
lamina (fig. S15). These events could be particu- 
larly prominent in cells with reduced levels of 
lamins, whose expression is deregulated in many 
cancers and often correlates with negative out- 
comes (32, 33). Although NE rupture, and re- 
sulting genomic instability, may promote cancer 
progression, it may also represent a particular 
weakness of metastatic cancer cells and an op- 
portunity to develop novel antimetastatic drugs 
by specifically targeting these cells, for example, 
by blocking NE repair and inhibiting DNA dam- 
age repair. 
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CELL BIOLOGY 


ESCRT III repairs nuclear envelope 
ruptures during cell migration to 
limit DNA damage and cell death 


M. Raab,” M. Gentili,® H. de Belly,’ H. R. Thiam,’ P. Vargas,”” A. J. Jimenez, 
F. Lautenschlaeger,’* Raphaél Voituriez,*”? A. M. Lennon-Duménil,” 


N. Manel,” M. Piel”?+ 


In eukaryotic cells, the nuclear envelope separates the genomic DNA from the 
cytoplasmic space and regulates protein trafficking between the two compartments. 
This barrier is only transiently dissolved during mitosis. Here, we found that it also 
opened at high frequency in migrating mammalian cells during interphase, which allowed 
nuclear proteins to leak out and cytoplasmic proteins to leak in. This transient 

opening was caused by nuclear deformation and was rapidly repaired in an ESCRT 
(endosomal sorting complexes required for transport)—dependent manner. DNA 
double-strand breaks coincided with nuclear envelope opening events. As a consequence, 
survival of cells migrating through confining environments depended on efficient 
nuclear envelope and DNA repair machineries. Nuclear envelope opening in migrating 
leukocytes could have potentially important consequences for normal and pathological 


immune responses. 


he nuclear envelope (NE) functions as a 

barrier to separate the chromatin from the 

cytoplasm and is considered to remain in- 

tact during interphase. Only under patho- 

logical circumstances is the NE thought to 
open in nonmitotic cells. It can bud during viral 
infection (1) or be completely breached in lam- 
inopathies, pathologies associated with mutations 
in genes coding for nuclear lamina proteins, es- 
pecially in LMN A/C (2, 3). Many cancer cells ex- 
press lower levels of LMN A/C, which correlates 
with a higher degree of metastatic potential (4). 
This is because nuclei lacking LMN A/C can be 
more easily deformed (5), which allows them to 
migrate through narrower pores and to invade 
tissues (6). Complete removal of LMN A/C leads 
to an increase in cell death during migration 
through pores and, eventually, reduces the ex- 
tent of metastasis (4). The cause of this cell death 
remains unknown. Similarly to cancer cells, sev- 
eral types of immune cells express lower levels of 
LMN A/C. These cells also have the capacity to 
migrate through dense tissues (7). Their response 
to pathogens is tightly associated with their mi- 
gratory capacities. Do specific survival mechanisms 
exist to allow highly migratory cells to survive their 
journey through tissues, despite a large degree of 
nuclear deformation? 
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We compared bone marrow-derived mouse 
dendritic cells (mDCs), migrating between two 
surfaces spaced 5 um apart either without (Fig. 
1A and fig. SIA) or with collagen filling (Fig. 1B), 
as well as cells migrating through mice ear ex- 
plants (Fig. 1C and fig. SIB). In collagen or ear 
explants, nuclei were more irregularly shaped 
(Fig. 1D), and the minimum diameter of the nu- 
cleus was reduced (Fig. 1E). This reflected pinched 
or dumbbell-shaped nuclei (arrows, Fig. 1C), as 
has been observed previously in migrating can- 
cer and immune cells (8, 9). Thus, DCs deform 
their nucleus during migration through physiol- 
ogical environments. 

We recorded mDCs expressing green fluo- 
rescent protein (GFP) linked to a nuclear lo- 
calization sequence (NLS-GFP). We followed 
cells migrating through a collagen gel (fig. S1C), 
or in an ear explant (fig. S1, D and E, and movie 
S1). Cells undergoing strong nuclear deformations 
displayed a decrease in the GFP nuclear signal 
and an increase in the cytoplasmic signal (Fig. 
1F). This suggests that the nucleo-cytoplasmic 
barrier was transiently abrogated and then re- 
stored, which likely corresponds to an opening 
of the NE. 

Collagen gels and ear explants offer poor 
control over the degree of nuclear deforma- 
tion. We thus used a migration assay consisting 
of microchannels with constrictions of various 
sizes (fig. S2, A and B) (10), which matched the 
range of sizes observed in vivo for nuclear de- 
formation (Fig. 1E) (17). To extend our findings to 
human cells, we investigated monocyte-derived 
human DCs (hDCs) (Fig. 2A and movie S82), as 
well as cultured cancer cells (HeLa) (Fig. 2B, 
fig. S2C, and movie $2) and normal cultured 
immortalized cells (RPE-1) (fig. S2D and movie 
$2). The NLS-GFP nuclear signal strongly de- 


creased and the cytoplasmic signal increased 
while the nucleus was crossing the constric- 
tion (fig. $3, A and B). Cytoplasmic signal re- 
mained high as long as the nucleus was engaged 
within the constriction, independently of cell 
speed. 

The slow passage of HeLa cells allowed us to 
observe several individual leakage events (bursts 
in fig. $3, B to E), which corresponded to the 
formation and rapid disappearance of bleblike 
structures at the tip of the passing nucleus (fig. 
83, B to D, and movie S2). This suggests a mech- 
anism by which deformation of the nucleus 
generates increased internal pressure and the 
formation of NE blebs that eventually rupture, 
followed by a resealing process, until the next 
bleb forms and ruptures. This is reminiscent of 
compressed nonmigrating cells (12). Consist- 
ently, the amount of NLS-GFP cytoplasmic leak- 
age increased when the constriction size was 
narrower (Fig. 2C). Thus, migrating cells, when 
deforming their nucleus, display a high survival 
rate (Fig. 2D and fig. S3F) despite frequent open- 
ing of their NEs (Fig. 2E). 

To assess the precise timing and location of 
NE opening, we used cells expressing a cyto- 
plasmic DNA binding probe fused to GFP [cyclic 
guanosine monophosphate-adenosine monophos- 
phate (GMP-AMP) synthase, cGAS]. Upon com- 
pression of hDCs, nuclear blebs were induced 
(12) (fig. S4A and movie S3). GFP-cGAS localized 
to chromatin at the exact location where the 
nuclear bleb had formed and ruptured (fig. 
S4A). Using this probe, we confirmed that hDCs 
opened their NEs (Fig. 2F and movie S4) at a 
higher frequency (Fig. 2G and fig. S4B) and 
earlier in the constriction (Fig. 2H and fig. S4C) 
for smaller constrictions, and that openings 
were mostly localized at the front tip of the 
nucleus. This was also observed during bleb 
bursting in HeLa cells (Fig. 2I and fig. $4, D to 
G). Staining of NE components showed that the 
nuclear lamina also ruptured (fig. S5, A and B) 
and that nuclear pores were excluded from the 
rupture region at the tip of the nucleus (fig. $5, B 
and C). Recording GFP-tagged Lap2B (Lap2p- 
GFP), an inner NE protein bound to the nuclear 
lamina, confirmed that the NE formed blebs de- 
void of lamina, that blebs eventually ruptured, 
and that they could contain chromatin (fig. $5, D 
to F, and movie S5). These observations are con- 
sistent with a simple physical model of deformation- 
induced blebbing followed by NE opening and 
resealing (fig. S6). 

Plasma membrane repair and postmitotic NE 
resealing both require the ESCRT III complex 
(13-15). We therefore used cells coexpressing GFP- 
tagged CHMP4B (CHMP4B-GFP) (6), an ESCRT 
III complex subunit, and RFP-cGAS. Nearly all 
nuclear blebs that burst subsequently recruited 
CHMP4B-GFP (95%; n = 62) (fig. S7A and movie 
S6). We could also induce recruitment of CHMP4B- 
GFP using laser ablation aimed at the nuclear edge 
(fig. S7, B to D; fig. S8; and movie S7), associated 
with NLS-mCherry leakage into the cytoplasm 
(fig. S9). In cells migrating through constrictions, 
CHMP48B-GFP was transiently recruited to sites of 
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Fig. 1. Nuclear deformation and nucleo- 
cytoplasmic leakage during cell migration. 
(A and B) Images of representative live mDCs 
expressing GFP-LifeAct (green) stained with Hoechst 
(DNA, blue), migrating in two-dimensional confine- 
ment (A) without and (B) with 1.6 mg/ml collagen. 
(C) Images of representative fixed mDCs prela- 


Filling  Explant beled with carboxyfluorescein succinimidyl ester 


(CFSE) (green) migrating ina mouse ear explant. Hoechst staining (blue). (D) Nuclear circularity and (E) minimum diameter of Hoechst-labeled nuclei in migrating 
cells (n > 50 cells for each condition, N = 2). (F) Nuclear circularity (gray) and NLS-GFP mean intensity (a.u., arbitrary units) inside the nucleus (blue) and in the 
cytoplasm (green) for mDCs passing through a confined space in collagen with a CCL21 gradient (left, n = 13 cells) or in an ear explant (right, n = 15 cells). Time 
zero corresponds to lowest value of circularity. Error bars, SD. Scale bars, 20 um. 
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Fig. 2. Opening of the nucleo-cytoplasmic barrier during cell migration 
through a constriction. (A and B) Sequential images of representative cells, 
(A) hDC expressing NLS-GFP and (B) HeLa expressing NLS-MS2-mCherry, 
migrating through a constriction (length L = 15 um, width w = 2 um). Dashed 
line for channel (top) and for the nucleus (middle, from Hoechst staining, not 
shown). (C) NLS-GFP intensity in cytoplasm, normalized to initial nuclear in- 
tensity, in RPE-1 cells passing constrictions of different widths (L = 20 um). Time 
zero corresponds to the tip of the nucleus reaching the end of the constriction 
(dashed line). (D) Fraction of cells surviving after passing a constriction (L = 15 um, 
w=2um).n = 46; P= 0.0018. (E) Fraction of cells showing nucleo-cytoplasmic 
leakage during passage through a constriction (L = 15 um, w = 2 um) (D and E, 
n> 40 cells and N = 3 for RPE-1 and hDCs, n = 20 and N = 2 for HeLa). (F) 
Sequential images of a representative hDC expressing GFP-cGAS (green), 
stained with Hoechst (red) migrating through a constriction. (G) Fraction of 
hDCs in which GFP-cGAS enters the nucleus during passage of constrictions of 


different widths (L = 15 um). (H) Position along the constriction where GFP-cGAS first entered the nucleus. (1) Sequential images of a representative HeLa cell 
expressing GFP-cGAS (green) and H2B-mCherry (red). Green arrowheads show entry of GFP-cGAS at the nuclear tip. Time is hours (h):minutes ('). Scale bars, 
10 um. ns, not significant. 
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Fig. 3. ESCRT Ill recruitment and function at 
the NE following opening events. (A) Sequential 
images of a representative HeLa cell expressing 
CHMP4B-EGFP (enhanced green fluorescent pro- 
tein) and RFP-cGAS (top, false color; middle, red) 
migrating through a constriction (L = 15 um, w = 
2 um). Time is minutes (’):seconds ("). Scale bar, 
20 um. (B) RFP-cGAS and CHMP4B-EGFP inten- 
sity at the nuclear edge for the opening event 
shown in (A). Time lag (At) values are time to rise 
to maximum intensity (means + SD; n = 7, N = 2). 
(C) Time for first appearance of CHMP4B-EGFP 
at NE for different contexts of NE opening events 
in HeLa cells [PM is for plasma membrane reseal- 
ing, *numbers extracted from (17)]. Error bars are 
SEM (n = 36, N = 3 for compression; n = 8, N =3 
for laser wounding; n = 7, N = 2 for constrictions). 
(D) NLS-GFP intensity in cytoplasm, normalized to 
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initial nuclear intensity, in RPE-1 cells treated with control small interfering RNA (siRNA); siCTRL, black curves; and with LMNA (left) and CHMP3 (right) siRNAs 
(red curves). n = 6 cells for each curve (N = 2). Error bars are SEM. (E) Quantification of the time needed for full recovery of NLS-GFP in the nucleus. Time zero 
is nuclear exit from the constriction (open circles are for recovery before exit; n = 46, 15, and 12; N = 2; error bars, SEM; ***P < 0.0001). 


RFP-cGAS entry, at the nucleus tip (Fig. 3A and 
movie S8). CHMP4B-GFP localized to the site of 
NE opening just after the opening occurred and 
decreased after resealing (Fig. 3B and fig. S10, A 
and B). Thus, NE opening induced with these 
three different methods (compression, laser, and 
confined migration), recruited CHMP4B-GFP with 
kinetics similar to those observed after plasma 
membrane wounding (Fig. 3C) (13, 17). This sug- 
gests that the resealing of the NE after opening 
caused by nuclear deformation in migrating 
cells might also require the ESCRT III complex 
machinery. 

To test the function of ESCRT III in NE reseal- 
ing, we depleted (knocked down) CHMP3 (/4), 
which delayed recruitment of CHMP4B-GFP af- 
ter laser wounding (fig. SIOC). We also knocked 
down LMN A/C, whose depletion, as expected 
(18, 19), caused random bursts of NLS-GFP into 
the cytoplasm even in the absence of nuclear 
constriction (fig. SIOD and movie S9). CHMP3- 
depleted cells did not show any leakage of NLS- 
GFP in the cytoplasm outside constrictions, which 
indicated that CHMP3 depletion did not make 
the NE more susceptible to spontaneous open- 
ing. However, when CHMP3-depleted cells passed 
through constrictions, they showed increased GFP 
signal in the cytoplasm, as did LMN A/C-depleted 
cells, and the cytoplasmic signal remained for 
prolonged periods of time after the cells passed 
the constriction (Fig. 3, D and E; fig. S10, E to G; 
fig. S11, A and B; and movie S9). Thus the ESCRT 
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III complex is essential to reseal the NE in mi- 
grating cells. 

We hypothesized that efficient resealing was 
responsible for the high survival rate of cells pass- 
ing through constrictions. As expected (4), we 
observed increased death in LMN A/C-depleted 
cells (Fig. 4A), even inside straight channels, but 
more so when cells were passing constrictions. 
CHMP3 depletion did not induce any increase in 
cell death (Fig. 4A); thus, prolonged nuclear open- 
ing alone was not enough to cause cell death. 
LMN A/C-depleted cells exhibit defects in DNA 
damage response (20). We thus imaged RPE-1 cells 
expressing 53BP1-GFP, a protein recruited to DNA 
double-strand breaks (27). These cells showed a 
transient increase in the number and intensity of 
53BP1-GFP foci during passage of the nucleus 
through a constriction (Fig. 4, B to D, and movie 
$10), with kinetics similar to NLS-GFP leakage 
into the cytosol. This suggested that DNA double- 
strand breaks might result from NE opening, 
although we cannot fully exclude that mech- 
anical constrains exerted on the DNA during nu- 
clear deformation also play a role. We imaged 
cells expressing both 53BP1-GFP and RFP-cGAS 
and found that the formation of 53BP1-GFP foci 
always followed the recruitment of RFP-cGAS 
into the nucleus (Fig. 4, B and E). Furthermore, 
only cells that exhibited entry of RFP-cGAS into 
the nucleus also showed an increase in 53BP1- 
GFP foci (Fig. 4F), which were dispersed through- 
out the nucleus (Fig. 4G). This suggests that 


diffusing cytoplasmic factors might enter dur- 
ing NE opening, and in turn induce DNA damage. 
53BP1-GFP foci disappeared a few tens of mi- 
nutes after cells exited the constriction, which im- 
plies efficient DNA repair. We thus inhibited DNA 
repair using an ataxia telangiectasia mutated 
(ATM) inhibitor (ATMi) (fig. S11C) (22). Upon ATMi 
treatment, the level of cell death was increased 
only in LMN A/C- and in CHMP3-depleted cells 
migrating through constrictions (Fig. 4A). To- 
gether these experiments show that DNA dam- 
age caused by prolonged NE opening can lead 
to cell death provided that DNA repair is also 
affected. 

Here, we have shown that nuclear deforma- 
tion during cell migration leads to transient 
opening of the NE and that the ESCRT III com- 
plex, similarly to what happens at mitotic exit 
(14, 15), is required for fast resealing of the 
nucleo-cytoplasmic barrier (fig. $12). This tran- 
sient opening leads to nucleo-cytoplasmic mixing, 
which potentially causes DNA damage owing to 
entry of cytoplasmic factors (fig. S13) (23-26). We 
propose that this phenomenon might be partic- 
ularly relevant for immune and cancer cells (27). 
We anticipate that in various developmental, 
immunological or pathological contexts, nuclear 
deformation-associated NE rupture could lead to 
a large range of cellular responses, as well as to 
genomic instability, cell aging, or cell death (28-30). 
Such responses could be important physiologi- 
cally or pathologically. 
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Fig. 4. DNA damage associated with nuclear deformation and NE opening. 
(A) Fraction of RPE-1 cells dying after passing one constriction. siCTL, sIRNA con- 
trol. “Straight” is for cells moving across the same distance in channels without 
constrictions (L = 20 um, w = 3 um; left to right, n = 300, 300, 240, 240, 90, 90, 
300, 300, 120, 60, 60, 60; N = 3 for each condition). (B) Sequential images of a 
representative RPE-1 cell expressing 53BP1-GFP (gray levels) and RFP-cGAS (red) 
migrating through a constriction (L = 15 um, w = 2 um). Red arrow shows first RFP- 
cGAS entry at nuclear tip. Time is hours (h):minutes (’); scale bar, 20 um. Number 
(C) and total intensity (D) of 53BP1-GFP foci in the nucleus while passing a cons- 
triction (L = 15 um, w = 1.5 um; n = 7 cells, N = 3). (E) RFP-cGAS intensity (red 
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STRUCTURAL BIOLOGY 


Molecular architecture of the inner 
ring scaffold of the human nuclear 


pore complex 


Jan Kosinski,’* Shyamal Mosalaganti,’* Alexander von Appen,’* Roman Teimer,” 
Amanda L. DiGuilio,? William Wan,’ Khanh Huy Bui,* Wim J.H. Hagen," 
John A. G. Briggs,” Joseph S. Glavy,® Ed Hurt,” Martin Beck’*+ 


Nuclear pore complexes (NPCs) are 110-megadalton assemblies that mediate 
nucleocytoplasmic transport. NPCs are built from multiple copies of ~30 different 
nucleoporins, and understanding how these nucleoporins assemble into the NPC scaffold 
imposes a formidable challenge. Recently, it has been shown how the Y complex, a prominent 
NPC module, forms the outer rings of the nuclear pore. However, the organization of the 
inner ring has remained unknown until now. We used molecular modeling combined with 
cross-linking mass spectrometry and cryo-electron tomography to obtain a composite 
structure of the inner ring. This architectural map explains the vast majority of the electron 
density of the scaffold. We conclude that despite obvious differences in morphology and 
composition, the higher-order structure of the inner and outer rings is unexpectedly similar. 


uclear pore complexes (NPCs) are the major 
mediators of nucleocytoplasmic exchange 
and are of fundamental importance to all 
eukaryotic cells. Alterations of the nucleo- 
cytoplasmic transport system have been 
linked to various types of cancer, autoimmune 
diseases, and aging (J, 2). Experimentally testable 
structural models of the vertebrate NPC could 
provide a mechanistic basis for understanding 
clinically relevant mutations. Generating pre- 
dictive structural models, however, is extremely 
challenging because of the size and intricate com- 
position of the NPC (3). Nucleoporins (Nups) pre- 
assemble into several distinct subcomplexes, which 
oligomerize to form an eightfold rotationally sym- 
metric structure. Many intra-subcomplex inter- 
actions have been biochemically and structurally 
characterized. In contrast, the weaker inter- 
subcomplex interactions have remained poorly 
understood, mainly because of their instability 
ex situ. To overcome this hurdle, it has been es- 
sential to combine biochemical and classical struc- 
ture determination methods with in situ structural 
analysis and integrative molecular modeling (4). 
Previous studies revealed that 16 copies of the 
Y complex (also called the Nup107 complex or 
Nup84 complex in fungi) form a reticulated double- 
ring arrangement within both the nuclear and 
cytoplasmic rings (4). However, our understanding 
of how the inner ring (IR) scaffold is assembled 
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in situ has been sparse. The Nup93 and Nup62 
complexes—composed of Nup62, Nup58, and 
Nup54 and Nup205, Nup188, Nup155, Nup93, 
and Nup33, respectively—have been shown to 
localize to the IR (Nic96 and Nsp1 complexes in 
fungi; fig. S1) (5). More recently, it has been 
shown that Nup205 binds to the IR complexes 
mutually exclusively with respect to its homolog 
Nup188 (6) and also interacts with Nup98 (7, 8). 
Most domains of Nup93 complex members have 
been analyzed by x-ray crystallography (4), and 
some of these show homology to Y complex mem- 
bers. A tomographic study (9) revealed possible 
locations of 32 copies each of Nup155 and the 
large N-terminal domain (NTD) of Nup205 or 
Nup188 (fig. S2) (10). However, various other 
components—such as Nup93, the Nup62 complex, 
and the C-terminal domains (CTDs) of Nup205 
and Nup188—remained unassigned and left large 
patches of the observed electron optical density 
unexplained. 

Recent studies structurally and biochemically 
analyzed the Nup62-Nup58-Nup54 heterotrimer 
(8, 11), the CTD of Nup205 (8), and interactions 
between the Nup62 and Nup93 complexes (7, 8). 
In this study, we fitted all of the available struc- 
tures into the tomographic map of the IR (9), in 
consensus with the well-established domain con- 
nectivity, interactions, and symmetry that have 
been observed by means of cryo-electron micros- 
copy (cryo-EM) (details are provided in fig. S2, 
database S2, movies S1 to S3, and the sup- 
plementary materials). We found that 32 copies 
each of Nup205 or Nup188 (10), Nup93, Nup155, 
and the Nup62 complex fit seamlessly into the IR 
(Fig. 1, A and B, and fig. S2); another 16 copies of 
Nup155 connect it to the outer rings (9). The 
asymmetric unit of the IR is composed of four core 
modules. Each core module contains one copy of the 
aforementioned Nups. The inner and outer copies 
of the core modules are rotationally shifted with 


respect to each other and have slightly different 
conformations, but they engage in identical intra- 
subcomplex interactions (Fig. 1C). They form hetero- 
typic inter-subcomplex interactions and oligomerize 
into four horizontally stacked rings. Each ring con- 
tains eight core modules. The inner and outer pairs 
of the core module are symmetric with respect to 
the nuclear envelope plane (Fig. 1C). These archi- 
tectural principles are unexpectedly similar to the 
Y complex of the outer rings (9, 12, 13), highlighting 
a potential evolutionary relationship. An obvious 
difference is that the inner copies of the IR core 
modules form a C, symmetric interface with each 
other, whereas the outer rings are spatially separated. 

A further-refined tomographic map of the IR 
solidifies the assignments (fig. S3 and database S2). 
It resolves the subdomain structures of Nup205 
and Nup188 and the asymmetric features of Nup93, 
and it facilitates an unambiguous determination 
of the orientation of those proteins that could not 
be positioned previously (9). 

Next, we generated spatial restraints by using 
cross-linking mass spectrometry. We affinity-purified 
Nup205-Nup93 complex (fig. $4) and Nup62 com- 
plex from human cells and reconstituted a com- 
plex in vitro, which consisted of the fungal orthologs 
of Nup205, Nup155, Nup93, Nup53, and Nup98 
(fig. S5), as previously described (7). Spatial re- 
straints were combined and mapped onto human 
proteins where necessary (Fig. 2A and fig. S6). Our 
composite structure is consistent with most of the 
spatial restraints (table S1), and the cross-links 
confirm several of the key features (Fig. 2, B to D). 
The very few cross-links that are violated in the 
structure are well in line with the false-positive 
discovery rate of cross-linking mass spectrom- 
etry. They may also arise from conformational 
heterogeneity due to the ex situ cross-linking 
(table S1 and figs. S4B and S7). We systematically 
validated our model by imposing biochemical re- 
straints that were generated by several previous 
studies. We extracted 89 restraints from 35 publi- 
cations and found strong agreement with our 
composite structure (table S2). To assess whether 
the available data could converge into alternative 
configurations of the IR structure, we used the 
Integrative Modeling Platform software suite (14) 
to set up an unbiased computational modeling 
approach that takes into account the matching of 
the high-resolution structures with the tomographic 
map, the cross-links, and domain connectivity. A set 
of seven top-scoring solutions were highly similar 
to the composite structure (fig. S8A). We therefore 
conclude that our composite structure is an objective 
and robust representation of the IR architecture. It is 
also in line with independent analyses of stoichi- 
ometry (15) and spatial proximities (16). 

Nup155 is homologous to Nup133 and Nup160 
of the Y complex, whereas Nup93 is homologous 
to Nup107 and Nup835 of the Y complex (17-19). 
The interface of Nup133 and Nup107 (73) also 
seamlessly superimposes with that of Nup160 and 
Nup835 (fig. S9) (20). In our blueprint of the IR 
architecture, Nup155 and Nup93 are similarly 
positioned (Fig. 3, A and B, and fig. S9). A potential 
direct interface between Nup155 and Nup93 
would have to be much weaker than its outer ring 
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Fig. 1. Composite structure of the 
human NPC. (A) Overview of the 
composite structure of the entire 
NPC, in which previous structural 
assignments in the outer rings (9, 13) 
are represented together with the 
assignments in the IR that were 
undertaken in this study (details are 
shown in fig. S2). Unassigned density 
is shown in cyan; the nuclear ring 

is facing up. (B) Zoomed-in view 

of the IR region framed in (A). High- 
resolution structures (colored 
ribbons) are shown in the context of 
the tomographic map (transparent 
isosurface). (©) Conceptual outline of 
the NPC architecture. Inner (gray) 
and outer (orange) copies of the 

Y complex (top and bottom) and the 
R core module (middle) are shown in 
comparison. The configurations of the 
outer and inner copies of the IR core 
module are shown enlarged on the 
right. FG repeat domains can readily 
reach out into the central channel 

(F, phenylalanine; G, glycine). 


Fig. 2. Cross-linking mass 
spectrometry confirms intra- 
and inter-subcomplex interac- 
tions of the IR architecture. 

(A) Primary schematic of the IR 
proteins, showing the cross-links 
obtained by mass spectrometry. 
nter-protein cross-links are shown 
in black, intra-protein links in light 
purple, and homodimeric cross- 
inks (linking the same residues of 
a protein) in red. For clarity, Nup53 
is not drawn to scale. Colored 
areas within the primary structures 
mark domains and motifs as indi- 
vidually labeled (residues are indi- 
cated below). A larger version is 
shown in fig. S6, and table S1 
provides details on the cross-link 
data sets. The cross-links [blue 
lines in (B) to (D)] confirm specific 
features suggested by the 
composite structure, such as 

(B) head-to-tail arrangement of 
the inner and outer copy 

of Nup93, (C) interaction between 
Nup93 and Nup205, and 

(D) positioning of the Nup54 
ferredoxin-like domain within 

the Nup62 complex. 
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Nup85 
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Inner Y-complex vertex Inner Y-complex stem 


counterparts, because it has escaped biochemical 
characterization. However, it would be in agree- 
ment with the high sequence conservation of the 
respective surfaces (figs. S9C and S10) (19, 27) and 
the observation that the CTD of Nup93 is neces- 
sary and sufficient for the assembly of the NPC 
scaffold (22). Complex formation is strengthened 
in the presence of Nup53, as reported by various 
studies (table S2). This structural signature reoc- 
curs throughout the inner and outer rings and 
directly engages with the membrane through the 
B-propellers of Nup160, Nup133, and Nup155, there- 
by forming a membrane-binding NPC coat (Fig. 3C). 

It has been previously assumed that the Y and 
Nup93 complexes are spatially separated into the 
morphological features observed with classical 
EM—namely, the outer and inner rings, respec- 
tively. Our analysis, taken together with previous 
work on the outer rings (9), suggests that multiple 
copies of Nup205 or Nup188 independently bind 
to the coat of the NPC in both the IR and the 
outer rings (Fig. 3D and fig. S11). The Nup62 com- 
plex binds to this scaffold (Fig. 3D), whereby short 
linear motifs in Nup53, Nup98, and Nup93 are 
important for the interconnection of subcom- 
plexes (6-8). Our composite structure of the IR 
explains both the bulk of the electron optical 
density observed in situ and the biochemical data. 
In the future, cryo-EM maps at subnanometer 
resolution will be required to enable flexible fit- 
ting of x-ray structures and to precisely determine 
the orientations of Nup53, Ndcl, Nup98, and 
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the linker regions of Nup53 and Nup93. Inter- 
subcomplex interfaces must be targeted by x-ray 
crystallography. Our model is suggestive of various 
such interfaces and will remain a cornerstone for 
further crystallographic analysis. It also highlights 
the anchoring positions of the intrinsically disor- 
dered Nup domains that facilitate the translocation 
of cargo, and it lays the foundation for understand- 
ing their spatial organization and functional role 
in healthy and diseased tissues. 


REFERENCES AND NOTES 


1. M.Raices, M. A. D'Angelo, Nat. Rev. Mol. Cell Biol. 13, 687-699 (2012). 

2. A. Mor, M. A. White, B. M. Fontoura, Curr. Opin. Cell Biol. 28, 
28-35 (2014). 

3. A. Hoelz, E. W. Debler, G. Blobel, Annu. Rev. Biochem. 80, 
613-643 (2011). 

4. E. Hurt, M. Beck, Curr. Opin. Cell Biol. 34, 31-38 (2015). 

5. B. Vollmer, W. Antonin, Biol. Chem. 395, 515-528 (2014). 

6. S. Amlacher et al., Cell 146, 277-289 (2011). 

7. J. Fischer, R. Teimer, S. Amlacher, R. Kunze, E. Hurt, Nat. 
Struct. Mol. Biol. 22, 774-781 (2015). 

8. T. Stuwe et al., Science 350, 56-64 (2015). 

9. A. von Appen et al., Nature 526, 140-143 (2015). 

0. As noted by von Appen et al. (9), the structural homologs 
Nup205 and Nup188 cannot be distinguished at the given 
resolution of the tomographic map, although biochemical data 

int to an association of Nup188 with the outer rings. 

H. Chug, S. Trakhanoy, B. B. Htilsmann, T. Pleiner, D. Gérlich, 

Science 350, 106-110 (2015). 

H. Bui et al., Cell 155, 1233-1243 (2013). 

Stuwe et al., Science 347, 1148-1152 (2015). 

. Russel et al., PLOS Biol. 10, e1001244 (2012). 

Ori et al., Mol. Syst. Biol. 9, 648 (2013). 

. |. Kim et al., Proc. Natl. Acad. Sci. U.S.A. 111, E2453-E2461 

(2014). 

7. D. Devos et al., PLOS Biol. 2, e380 (2004). 


of wh 


i=] 


D cytoplasm 


nuclear 
envelope 


Nup21 


Nup62 }---.. 


Nup160) (Nup85 
Pp. Pp 
Nup133] (Nup107| 


central 
channel 


Pom1217 


Tet (Nupt53}~ 


nucleoplasm 


Fig. 3. Simple and highly similar organizational 
principles govern the architecture of the inner 
and outer rings of the NPC. (A) Schematic repre- 
sentation of the branching motif formed by the 
different heterodimers. (B) Structural similarity of 
the Nup155-Nup93 dimer to the Nupl07-Nup133 
and Nup120-Nup85 dimers. The structures are 
shown in low-resolution representation within the 
corresponding segments of the tomographic map. 
Homologous Nups are colored identically. (©) Ar- 
rangement of the branching motifs within the NPC 
membrane-binding coat [homologous Nups are 
colored as in (B)]. (D) Schematic of the human 
NPC architecture (details are shown in figs. S9 to 
$11). Trailing lines indicate FG repeats. 


18. S. G. Brohawn, N. C. Leksa, E. D. Spear, K. R. Rajashankar, 
T. U. Schwartz, Science 322, 1369-1373 (2008). 

19. J.R. Whittle, T. U. Schwartz, J. Biol. Chem. 284, 28442-28452 
(2009). 

20. T. Boehmer, S. Jeudy, |. C. Berke, T. U. Schwartz, Mol. Cell 30, 
721-731 (2008). 

21. S. Jeudy, T. U. Schwartz, J. Biol. Chem. 282, 34904-34912 
(2007). 

22. R. Sachdev, C. Sieverding, M. Flétenmeyer, W. Antonin, Mol. 
Biol. Cell 23, 740-749 (2012). 


ACKNOWLEDGMENTS 


We thank A. Andres-Pons for technical support and critical reading of the 
manuscript. We acknowledge support from EMBL's Electron Microscopy 
and Proteomics Core Facilities. W.W. and J.A.G.B. thank N. Grigorieff 

or sharing data before publication. J.K. was supported by the EMBL 
nterdisciplinary Postdoc Programme under Marie Curie COFUND 
actions. A.L.D. was supported by the Robert Crooks Stanley Fellowship at 
he Stevens Institute of Technology and National Institute on Aging (NIA) 
grant 1R21AG047433-01. J.S.G. was supported by an Ignition Grant 
nitiative from Stevens Institute of Technology and NIA gran\ 
R21AG047433-01. M.B. acknowledges funding by EMBL and the 
European Research Council (grant 309271-NPCAtlas). The density maps 
have been deposited in the Electron Microscopy Data Bank with 
accession numbers 8085, 8086, and 8087. The composite structure and 
he top-scoring automated models have been deposited in the Protein 
Data Bank with accession numbers SIN and 51JO. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/352/6283/363/supp|/DC1 
Materials and Methods 

Figs. S1 to S11 

Tables S1 to S4 

References (23-34) 

Movies S1 to S3 

Databases S1 and S2 


15 December 2015; accepted 19 March 2016 
10.1126/science.aaf0643 


15 APRIL 2016 + VOL 352 ISSUE 6283 365 


RESEARCH | REPORTS 


BIOMATERIALS 


Developing a pro-regenerative 
biomaterial scaffold microenvironment 
requires T helper 2 cells 
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Immune-mediated tissue regeneration driven by a biomaterial scaffold is emerging as an 
innovative regenerative strategy to repair damaged tissues. We investigated how biomaterial 
scaffolds shape the immune microenvironment in traumatic muscle wounds to improve tissue 
regeneration. The scaffolds induced a pro-regenerative response, characterized by an mTOR/ 
Rictor-dependent T helper 2 pathway that guides interleukin-4—dependent macrophage 
polarization, which is critical for functional muscle recovery. Manipulating the adaptive immune 
system using biomaterials engineering may support the development of therapies that promote 
both systemic and local pro-regenerative immune responses, ultimately stimulating tissue repair. 


mmune homeostasis is indispensable to tis- 
sue development, regeneration, and repair (1). 
Trauma initiates a cascade of local and systemic 
immune events that trigger the mobilization 
of cells into the damaged site to initiate host 
defense and tissue repair. The limited success 
achieved to date in rebuilding human tissues may 
be due in part to the tendency for therapeutic 
strategies to target later processes in wound healing 
and regeneration, such as stem cell differentiation. 
Conversely, the immune system is a highly flexible 
network that serves as a guardian of tissue integrity 
and is adapted to the nature of the local microen- 
vironment (2). The immune system participates in 
tissue repair by scavenging debris and dead cells 
(3), recruiting and supporting the proliferation of 
tissue progenitor cells (4), and inducing vascular- 
ization (5). Previously, immune responses to bio- 
materials were related to rejection (6-8); however, 
subsets of innate immune cells have been identi- 
fied as important mediators of scaffold remodeling 
(9-11) and can be targeted for immune-mediated 
tissue regeneration. We explored the role of adaptive 
immunity in tissue regeneration, identifying 
Ty2 responses as critical in driving the repair 
of traumatic tissue injury. 
To model a traumatic wound, we surgically 
excised a portion of the quadriceps muscle group 
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in C57BL/6 mice, provoking an irreversible volu- 
metric muscle loss (VML) injury (72). Based on 
the regenerative potential and clinical use of 
tissue-derived extracellular matrix (ECM) scaf- 
folds (J0, 11), we screened and selected bone- 
and cardiac muscle-derived tissue ECM scaffolds 
(B-ECM and C-ECM) for their immunomodula- 
tory properties [fig. S1 (73)]. The presence of scaf- 
folds in damaged muscle significantly increased 
the number of myeloid cells (F4/80* macrophages 
and CD1lc* dendritic cells; P < 0.0001) and lym- 
phocytes (CD3* T cells and CD19" B cells; P < 0.05) 
present at the injury site as compared to a saline- 
treated control after 1 and 3 weeks (Fig. 1A and 
fig. S2). At 1 week, collagen-treated wounds re- 
cruited the highest number of immune cells into 
the defect region (36.0% of total live cells, 13.6 
million cells) followed by B-ECM- and C-ECM- 
treated wounds (39.3%, 5.32 million; and 45.4%, 
5.44 million cells), with saline-treated wounds 
containing significantly fewer cells (36.4%, 0.97 
million). The proportion of myeloid cells in the 
damaged muscle peaked at 1 week after injury, 
and the T cell fraction, consisting of both CD4* 
and CD8* cells, peaked in all treatment groups at 
3 weeks after injury. In the muscle wound, bio- 
material scaffolds skewed the ratio of CD4:CD8 
T cells toward a higher fraction of CD4* helper 
T cells (~70% in scaffold-treated, versus ~50% in 
saline-treated wounds) at 1 week after injury (Fig. 
1B). CD4*FoxP3* regulatory T cells were also present 
at low levels and increased over time (fig. S3). 
The expression of interleukin 4 (114), a gene 
encoding a canonical type 2 helper T cell (T}y;2) 
cytokine that is also important in muscle healing 
(14-17), increased in the presence of the scaffold 
(Fig. 1C). Therefore, we sought to understand the 
role of cells of the adaptive immune system on 
the formation of the regenerative immune micro- 
environment. Scaffolds were implanted into 
B6.129S7-Ragl? "J (RagI-) mice, which lack 
mature T and B cells. In RagI~ mice, scaffold- 


mediated //4 up-regulation was lost, suggesting a 
Ty2-driven scaffold immune microenvironment. 
CD3* cells were sorted out of muscle injuries at 
1 week after injury for detailed gene expression 
analysis (Fig. 1D, fig. S4, and table S1). Scaffolds 
induced a Ty2-type gene expression profile as 
characterized by increased J/4 expression and 
decreased expression of [fng and Tbx21 (Ty]1 ca- 
nonical genes). In addition, Jag2, which encodes 
the Notch ligand Jagged 2, was elevated. Jagged2 
helps direct Ty, differentiation away from Ty1 
and toward T;;2 (18). 1110, which encodes a gen- 
eral anti-inflammatory cytokine that is not Ty- 
specific, was also up-regulated. Other genes that 
are more selectively expressed by Ty] cells, such 
as Fasl and Cd28 (the costimulatory receptor for 
CD86), were likewise down-regulated. 

The regenerative outcome of tissue-derived ECM 
scaffolds in animals and humans is correlated 
with an immunoregulatory M2 macrophage phe- 
notype during remodeling (9-11). Biomaterials 
increased the expression of genes associated with 
a pro-regenerative type 2 immune response, in- 
cluding hallmark genes of M2 myeloid cells, more 
specifically macrophages that are stimulated by 
IL-4, known as M(IL-4) macrophages (fig. S5) 
(19). As with J/4 expression, induction of these 
M(L-4) markers was almost completely lost in 
Ragl ~~ mice (fig. S5). In the presence of adaptive 
immune cells, biomaterial scaffolds inhibited ma- 
crophage CD86 up-regulation (a costimulatory 
molecule expressed at high levels by classical 
M1 macrophages) at 3 weeks after surgery (Fig. 
2A and fig. S6H). In Ragt’ ~ mice, however, down- 
regulation of CD86 expression was mitigated, and 
ECM scaffold-treated wounds returned to a ma- 
crophage polarization profile resembling that of 
saline-treated control animals (Fig. 2A). On the 
other hand, CD206 expression (a mannose re- 
ceptor and classical M2 marker) was similar be- 
tween ECM scaffold-treated and saline-treated 
mice at 1 week after implantation, with increased 
expression at 3 weeks (Fig. 2B). However, this 
increase in CD206 was ablated in Rag mice in 
both scaffold- and saline-treated wounds, suggest- 
ing that the adaptive immune system also has a 
scaffold-independent role in shaping the wound 
healing response. Moreover, this CD206 up- 
regulation was also impaired in B6.129S2-Cd47"™™"*/ 
J (Cd4-) mice, which maintain B cells and CD8* 
T cells but lack CD4”* helper T cells (fig. S6A). 
Additionally, in Cd47~ mice, the recruitment of 
B cells (a commonly Ty;2-driven adaptive effector 
cell) was diminished (fig. S6G). 

To further elucidate the role of CD4* T cells, 
and more specifically T};2 T cells on the polari- 
zation of myeloid cells, we evaluated myeloid CD206 
expression in Ragl’~ mice that were repopulated 
with either wild-type (WT) CD4*' T cells or Rictor’~ 
CD4* T cells (Fig. 2, C and D, and fig. $7). Rictor is 
a critical component of the mTORC2 complex 
that integrates signals from the environment 
and drives the polarization of Ty2 cells (20). 
Myeloid cells in Ragl’~ mice expressed lower 
levels of CD206 as compared to WT mice; how- 
ever, when repopulated with WT CD4* T cells 
(T-WT cells), this phenotype was rescued. When 
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mice received T,;2-deficient T cells (T-Rictor/~ 
cells), CD206 expression was not rescued, proving 
that T},2 T cells, dependent on mTORC2 signal- 
ing, are necessary for pro-regenerative myeloid 
polarization. To confirm the role of IL-4 in Ty2- 
dependent myeloid polarization, we character- 
ized the phenotype of macrophages in BALB/ 
c-ll4ra’"™/J (l4ra7-) mice that cannot receive 
signals from IL-4 (Fig. 2, C and D). Compared to 
WT controls, myeloid cells in [4ra”~ wounds ex- 
pressed far lower levels of CD206, suggesting that 
the macrophage activation was controlled by IL-4, 
and verifying that the pro-regenerative profile is 
associated with M(IL-4) cells. 

The pleiotropic nature of immune responses 
typically results in complex expression profiles 
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beyond stereotypical M1 versus M2 “poles” (19). 
The expression of CD86 and the expression of 
CD206 on macrophages (classically M1 versus 
M2) were not mutually exclusive; however, these 
scaffold-associated macrophages also up-regulated 
the expression of genes encoding Argi and Retnla 
(encoding Fizz1), similar to the results from quan- 
titative reverse transcription polymerase chain 
reaction (qRT-PCR) analyses of the whole wound 
(Fig. 2E and fig. S5). Additionally, Cebpb, and 
Timp!1 were up-regulated, whereas Mmp16 and 
Mmp9 were down-regulated, further suggest- 
ing a pro-regenerative function of the scaffold- 
associated macrophages (21-23). In Rag mice, 
which cannot mount a Ty2 immune response, 
scaffold-associated macrophages lost their pro- 
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regenerative transcriptome (Fig. 2F, fig. S8, 
and table S2). Several genes directly implicated 
in muscle regeneration such as Jgf1 (insulin-like 
growth factor-1) (24-26) and Vegfa (vascular 
endothelial growth factor) (27) decreased signif- 
icantly in Rag” mice. Gene ontology enrichment 
analysis of genes differentially expressed in Ragl’~ 
versus WT macrophages shows enrichment in 
programs associated with morphogenesis and 
differentiation, suggesting a reliance on the adapt- 
ive immune system for up-regulation of develop- 
mentally active immune genes (fig. S9). 

The detection of a local scaffold-associated 
Ty2 polarization led us to investigate the poten- 
tial systemic T cell response (28). Subcutaneous 
scaffold implants produce a systemic T};2-like 
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Fig. 1. Biomaterial scaffolds induce a T,,2 response in volumetric muscle 
wounds. C57BL/6 (WT) and Rag] mice received a critical-size quadriceps 
muscle injury and were treated immediately with 0.05 ml of saline, particulate 
collagen, B-ECM, or C-ECM. (A) Proportions of myeloid (F4/80* macro- 
phages and CD11c* dendritic cells) and lymphoid (CD3* T cells and CD19* B 
cells) cell populations in the WT wound environment, determined by flow cy- 
tometry (% = mean fraction of live cells across all treatments, with peak 
level shown in bold text). The greatest cell numbers were in scaffold-treated 
wounds. (B) Proportion of CD3* Tcells that are CD4* Ty, cells or CD8* cytotoxic 
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T lymphocytes at 1 week after injury treated with saline, collagen, B-ECM, or 
C-ECM by flow cytometry. (©) qRT-PCR analysis of I/4 gene expression in 
WT and Ragl“~ mice at 1 week after injury. (D) One week after injury, tran- 
scriptome of CD3 cells sorted from wounded muscles treated with saline, 
collagen, B-ECM, or C-ECM, determined by qRT-PCR. Data are displayed as 
relative quantification (RQ) to saline-treated wounds. Data are means + 
SEM, n = 4 mice (2 legs pooled per mouse, representative of at least two 
independent experiments), analysis of variance (ANOVA): ****P < 0.0001, ***P < 
0.001, **P < 0.01, *P < 0.05. 
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response in the bloodstream, but the connection 
to wound healing and regeneration is unknown 
(28, 29) (Fig. 3 and fig. S10). Scaffold treatment 
induced hypertrophy of local draining lymph 
nodes (Fig. 3A), which accompanied a robust 
increase in //4 expression (Fig. 3B and fig. S10). 


This 7/4 induction was absent at 1 week after 
injury in Rag” mice but present after 3 weeks, 
suggesting an early adaptive immune-dependent 
14 up-regulation followed by an innate immune- 
driven //4 up-regulation later in the wound heal- 
ing and regeneration processes. Additionally, 


Cd47~ mice displayed a significant decrease in 
scaffold-mediated //4 up-regulation in inguinal 
lymph nodes at 3 weeks after injury in C-ECM- 
treated animals (Fig. 3B). This //4 expression 
level was higher than that in Ragl’” mice, dem- 
onstrating an important role of CD4* T cells in 
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Fig. 2. M(IL-4) pro-regenerative myeloid polarization induced by scaffolds 
is Ty2-dependent. (A and B) Macrophages in wounded muscle were char- 
acterized for CD86 (A) and CD206 (B) expression by flow cytometry at 1 and 
3 weeks after injury in the presence of saline or ECM scaffold in WT (blue bars) 
and Ragl~~ (red bars) mice. The mean of fluorescence is shown. (C) CD206 
expression at 3 weeks after injury in C-ECM-treated WT, ll4ra“~, Rag], and 
Ragl“ mice reconstituted with either WT CD4* Tcells (T-WT, n = 2) or Rictor “~~ 
CD4* Tcells (T-Rictr-”; T2-deficient). (D) Representative comparison of CD206 
expression between WT, li4ra-~, Rag], and Rag1~“~ reconstituted with WT and 
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Rictor“- CD4* T cells. (E) RT-PCR gene expression analysis in cell-sorted mac- 
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scaffold-induced systemic type 2 immunity, but 
with potential further contributions by B cells or 
CD8* T cells. 


Functionally, WT animals recovered to be able 
to run distances similar to those of healthy un- 
injured counterparts after 6 weeks (Fig. 4A). 


However, this restoration of running capacity 
was ablated in the absence of T and B cells (RagI”-) 
in ECM scaffold-treated wounds. At 3 weeks after 
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injury, repopulation of Ragl~ mice with WT T cells 
rescued their functional capacity, and the animals 
could run greater distances as compared to mice 
lacking the CD4: subset (Fig. 4B; 91.11 + 3.83 versus 
60.06 + 9.69, P = 0.0032). Furthermore, Ragt’ ~ 
mice repopulated with WT CD4 T cells performed 
better than those repopulated with Rictor’”- CD4* 
T cells (72.31 + 7.40, P = 0.0368), confirming 
the role of Ty2 CD4" T cells in functional muscle 
regeneration. 

Muscle structure correlated with the differences 
in functional capacity. Histologically, at 6 weeks 
after injury, the quadriceps muscle treated with 
the C-ECM scaffold appeared similar to that of 
healthy controls, with minimal scaffold visible 
and repair tissue fully integrated within the sur- 
rounding musculature. A large region of fibrous 
tissue with active inflammation was present in 
muscles treated with the collagen scaffold (Fig. 
4C and fig. S11). Rag mice displayed increased 
adipose deposition, fibrosis, scaffold persistence, 
and smaller-diameter muscle fibers than their 
WT counterparts. At 3 weeks after injury, central- 
ly nucleated muscle fibers, which are indicative of 
active regeneration or recovery from injury, were 
present within the biomaterial scaffold and around 
the defect site (Fig. 4D and fig. S12). WT mice 
produced muscle with larger, more rounded 
fibers, whereas Ragt’ ~ mice muscles contained 
smaller, irregularly shaped fibers, indicating a 
defect in muscle regeneration. In addition, the 
pathologic Ragl~ histomorphology was recapit- 
ulated in Cd4”~ mice, confirming the role of CD4* 
T cells in fibro-adipogenic lineage commitment 
(Fig. 4D). Increased gene expression of Adipog 
(adiponectin) confirmed ectopic adipogenesis in 
Ragt’ ~ whole muscle. Similarly, the expression 
of Collal (type I collagen) increased in Rag 
mice muscles, highlighting increased fibrosis (Fig. 
4E and fig. S13). Although scaffold treatment 
reduced fibro- and adipogenesis markers in WT 
animals, this benefit was lost in Ragl~ mice. 

We have demonstrated that tissue-derived bio- 
material scaffolds enhance the development of a 
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pro-regenerative immune environment and have 
implicated adaptive immune cells, specifically 
mTORC2-dependent CD4* T,;2 T cells, in the 
process of functional tissue restoration (fig. S14). 
Just as cancer research has made great strides in 
T cell therapies, these concepts can be translated 
to biomaterials design to improve tissue repair and 
regeneration (30-33). 
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societies and the NIH " Acertificate of completion for users that finish mylDP. 


= Ability to select which portion of your IDP you wish to share with advisors, mentors, or others 


Visit the website and start planning today! 
myIDP.sciencecareers.org 
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Gas Sorption Analyzers 

Hiden Isochema’s new MultiPort inlet 
selector is now available for the manu- 
facturer’s intelligent gravimetric analyzer 
(IGA) and XEMIS series gas sorption 
analyzers. The MultiPort expands the 
number of gases that can be simultane- 
ously connected and the level of auto- 
mation available. There are connections 
for up to 12 gas species, and control 

is integrated within Hiden Isochema’s 
Hlsorp.NET software suite. The MultiPort 
not only allows the user to determine 
consecutive gravimetric sorption iso- 
therms with more species at one or more 
gas temperatures, but also offers the 
user full control of the inlet for advanced 
method development. The MultiPort 
inlet selector also provides an afford- 
able solution for increasing the level of 
automation of existing IGA or XEMIS gas 
sorption analyzers as part of an in-the- 
field upgrade package. 

Hiden Isochema 

For info: +44-(0)-1925-244678 
www.hidenisochema.com 


Filtration System 

The SARTOFLOW Smart is a smart 

and easy benchtop crossflow system 
for optimized ultra- and diafiltration 
applications. It can ideally be used in 
many downstream processes, such as 
purification of vaccines, monoclonal 
antibodies, and recombinant proteins. 
The system is suitable for flexible use 

in laboratory environments for process 
development and clinical trials as well as 
for current good manufacturing practice 
(CGMP) environments. The new system 
is equipped with a low-shear, four-piston 
membrane pump enabling the highest 
product yields. The pump also provides 
a wide range of flow rates, allowing the 
user to choose between membrane 
surface areas from 50 cm? up to 0.14 
m?. The crossflow system is supplied 
with Sartorius Stedim Biotech’s intuitive 
and easy-to-use DCU-4 control unit, 
which when combined with the com- 


pany’s BioPAT SCADA MFCS-4 software, provides data logging and 
export. Its touchscreen offers instant access to all critical process 
parameters and displays control and alarm functions. 


Sartorius Stedim Biotech 
For info: +49-(0)-551 -308-3324 
www.sartorius.com 
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Gel Imager 

The Bio-1000F is an innovative, user-friendly, 
and cost-effective device that integrates im- 
age capture, gel preview, and gel extraction 
essential for routine nucleic acid gel elec- 
trophoresis. With the combination of a high- 
sensitivity charge-coupled device (CCD) 
system and blue-light emitting diode (LED) 
illuminators, the Bio-1000F is compatible 
with all ethidium bromide (EtBr)-alternative 
fluorescent stains, and provides publication- 
quality images up to 0.04 ng per band, 
significantly enhancing fluorescent signal 
expression over other gel documentation 
systems that depend on ultraviolet and blue- 
LED light sources. Thanks to its removable 
filter plate and intuitive MiBioFluo software 
interface, users can visualize banding pat- 
terns and conduct gel extraction directly on 
the Bio-1000F without moving between the 
transilluminator and gel imager. The Bio- 
1000F’s compact design enables it to fit in 
crowded laboratory spaces. The Bio-1000F 
features an integrated, environment-friendly, 
and ultrasensitive gel imager for researchers 
dedicated to improving laboratory safety and 
the efficiency of gel electrophoresis. 
Microtek International 

For info: +886-3-577-2155 
www.microtek.com 


NEW PRODUCTS 


3D X-Ray Microscope 

The new Zeiss FPX flat panel 

extension for the Zeiss Xradia Versa 
500 series of 3D X-ray microscopes 
(XRMs) delivers large-sample, high- 
throughput scanning with best-in-class 
image quality. Combined with the 

high resolution of the Xradia Versa 
XRMs, the new Zeiss FPX enhances 
imaging flexibility and creates 
workflow efficiencies with an all-in- 
one system for industrial development 
and academic research. The Xradia 
Versa with FPX enables engineers, 
developers, and researchers to scout 
large samples two to five times faster 
to identify a region of interest (ROI), 
and then zoom to image areas at high 
resolution with the exclusive Zeiss 
Xradia Versa RaaD dual magnification 
microscope objectives, which enable 
resolution at a distance. The Zeiss 

FPX extends the ability of the Xradia 
Versa XRM to achieve full-field-of-view, 
whole-sample imaging up to five inches 
in diameter. 

Zeiss 

For info: +49-3641-64-3949 
www.zeiss.com 


Protein Gel Casting 

Researchers can now access a 

device that enables reliable, leak-free 
custom development of protein gels 
for electrophoresis. Developed for 
simplicity and intuitively designed, 

the SureCast Gel Handcast System 
also helps to save time, money, and 
precious samples. While precast gels 
for separating proteins are popular 
among researchers, handcasting 
polyacrylamide gels continues to be the 
favored method used by labs around 
the world. But leakage and the loss of 
precious samples are recurring issues 
with many systems on the market. One 
main advantage of the SureCast Gel 
Handcast System is its ultradurable 
glass plates, which are more than 3 
times thicker and up to 20 times more 


durable than currently available glass plates. A single-motion, 
load-and-lock system also creates a securely sealed assembly 
for confident protein gel casting. 

Thermo Fisher Scientific 

For info: 800-955-6288 


www.thermofisher.com/surecast 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Join the Conversation! 


Twitter is a great way to connect with AAAS members and staff about the 
issues that matter to you most. Be a part of the discussion while staying up-to- 
date on the latest news and information about your personal member benefits. 
Follow us @AAASmember and join the conversation with #AAAS 
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CRISPR/Cas9 


Products Services Support 


GETTING STARTED WITH 


CRISPR/Cas9 


CRISPR/Cas9 is revolutionizing biology, giving scientists unparalleled power and precision for genome 
engineering. But like many other life science tools, there's a learning curve. To help you bring this innovative 


technology into your lab, SBI has put together a series of tutorials on how to use CRISPR/Cas9. 
Start using CRISPR/Cas9 today, watch the tutorials at: systembio.com/crispr-cas9-tutorials 


Or, to speed up your research, take advantage of SBI’s expertise and have our team of scientists design and 


build custom constructs and/or engineered cell lines. Contact us to learn more at services@systembio.com 


S SBI System Biosciences 
Harnessing innovation to drive discoveries 
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ScienceCareers.org 


Postdoctoral Research Associate 
Three Positions Available 


The Institute of Marine and Environmental Technology (IMET) of the University System 
of Maryland (USM) seeks applications for three Postdoctoral Research Associate positions. 
IMET scientists study the biology of coastal marine biosystems and ensure their sustainable use 
(www.imet.usmd.edu). IMET brings together faculty members from three major USM research 
institutions - the University of Maryland Baltimore (UMB), the University of Maryland 
Baltimore County (UMBC), and the University of Maryland Center for Environmental Science 
(UMCES) - in a state-of-the-art research facility located at Baltimore’s Inner Harbor. These 
positions are in collaboration with the National Institute of Standards and Technology (NIST), 
Hollings Marine Laboratory in Charleston, South Carolina. The postdocs will be jointly trained 
in Baltimore and Charleston and successful candidates will tentatively work at IMET for 6 
months (Baltimore, MD) and at NIST for 6 months (Charleston, SC) each year. Appointments 
are for one year with extension possible depending on performance and funding availability. 


1. IMET-UMBC seeks a Postdoctoral Research Associate in the laboratory of Dr. Colleen 
Burge to study coral holobiont function in a changing ocean. The position requires a 
PhD in Biology/Molecular Biology/Marine Science or related field. The position is in 
collaboration with Dr. Rusty Day at NIST. The postdoc will focus on integrating genomics 
and biogeochemistry approaches to understand coral physiology across a pH gradient. 
We seek an individual with strong experience in molecular biology, microbiology, and 
bioinformatics. Highly qualified candidates will also have experience in coral reef biology 
and/or biogeochemistry, including field sample collection via SCUBA, and laboratory 
processing of coral specimens. Salary is commensurate with experience. Interested 
applicants should send a letter of application, statement of research goals & curriculum 
vitae including three references (name, affiliation, phone number, and e-mail address) 
in PDF format via email to mupload.Postdoc.fyznkra096@u.box.com. Applicants 
will receive an e-mail from “Box” confirming receipt of the e-mail with attached files. 


IMET-UMCES seeks a Postdoctoral Research Associate who is self-motivated, 
independent, dedicated, and career-oriented with a strong publication record and with 
expertise in invertebrate neuroendocrinology or NMR analysis to study Crustacean 
Metabolomics: Identification of potential growth and reproductive indicators for 
aquaculture using NMR and MS approaches. The position is in the laboratory of 
Dr. Sook Chung (IMET) in collaboration with Dr. Tracey Schock (NIST). The role 
of this position involves defining the ecdysteroidogenesis pathway using molecular 
biology and transcriptomic data analysis and NMR and MS analysis and an alternative 
ecdysteroidogenesis site in adult female blue crab, Callinectes sapidus; organizing 
experimental animals; conducting experiments; and analyzing data. Proposal and 
manuscript writing ability preferred. Among other shared responsibilities, this position 
will order supplies and arrange experiment services required. The successful candidate 
will tentatively work at IMET for 6 months (Baltimore, MD) and at NIST for 6 months 
(Charleston, SC) each year and must be able to work independently, as well as be a 
team leader/player working with students and other laboratory staff. Please submit your 
CV, cover letter, and contact information for three references to imethr@umces.edu. 


IMET-UMB seek an outstanding candidate for a Postdoctoral Research Associate position 
(full-time) to study the metabolomics of extremophiles. Funding is available from the 
NIST/IMET Postdoctoral Program for applying high field NMR to study stress-related 
metabolites including compatible solutes. The position requires a PhD or equivalent 
degree in biological chemistry and/or molecular biology. Previous experience in microbial 
physiology, NMR spectroscopy or related disciplines is advantageous. The position is 
in a collaboration between Prof. Frank Robb (IMET) and Dr. Dan Bearden (NIST). 
Salary negotiable. Send CV with training, list of publications, a brief statement of career 
objectives, and plans for research in the research area listed above. Include the names 
and telephone numbers of three references to: Dr. Frank Robb, Ph.D. at Frobb@som. 
umaryland.edu. 


To receive full consideration, application materials should be submitted by 7 May, 2016 (the 
positions will be open until filled). 


The USM is an Equal Opportunity, Affirmative Action Employer. The University of 


Maryland, Baltimore is an Equal Opportunity/Affirmative Action Employer. Minorities, 
women, individuals with disabilities, and protected veterans are encouraged to apply. 
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Director 
Biomanufacturing Research Institute and Technology Enterprise 


North Carolina Central University (NCCU) invites applications for the position of Director for the 
Biomanufacturing Research Institute and Technology Enterprise (BRITE) to provide overall leadership 
and supervision of the unit. The Director reports directly to the Vice Chancellor for Research and 
Economic Development. BRITE is one of NCCU’s major research institutes and houses the College 
of Arts and Science’s Department of Pharmaceutical Sciences. BRITE is located in a $20.1 million 
state-of-the-art facility and features 21,000 sq. ft. of classroom and office space, and 31,000 sq. ft. 
of laboratory space for faculty and students to conduct applied research in areas related to drug 
discovery, biomanufacturing and biotechnology. 


Purpose of Position: The BRITE Director will lead and manage teams of scientists conducting 
translational research encompassing biomanufacturing and drug discovery activities in various 
therapeutic areas that include diabetes, cancer, neurodegenerative diseases and other metabolic 
disorders. The Institute owns a 460,000 compound library which is the largest academic collection 
in the USA. BRITE serves approximately 200 students annually who are majoring in Pharmaceutical 
Sciences at the undergraduate or graduate level. The newest graduate program within the unit is 
the Ph.D. in Integrated Biosciences/Pharmaceutical Sciences Track. The unit has approximately 38 
research, faculty and staff members. The Director, in collaboration with the Chair of Pharmaceutical 
Sciences, will manage the recruitment of new students, BRITE scholarships, student mentoring and 
career development, internships, student leadership development and outreach activities for K-12. 
The Director will participate as a leader representing BRITE at NCBiolmpact, a state initiative 
for workforce development. The Director is also expected to establish and manage internal and 
external collaborations; contribute to the assessment of external business alliances; and, out-licensing 
opportunities for technologies developed in BRITE. 


Qualifications: The Director is expected to have an earned Ph.D. (or M.D. or PharmD) in Biochemistry, 
Chemistry, Biology or a related field and an in-depth understanding of the pharmaceutical industry. It 
is expected the Director will qualify for full professor and tenure. A minimum of 5 years of managerial 
experience working in the pharmaceutical/ biotechnology industry is required. The Director will 
have a demonstrated record of leading translational research in drug discovery to advance leads 
and candidate drugs; a record of effective project leadership and an in-depth understanding of drug 
discovery and development from target to clinical trials; demonstrated track record of innovation and 
development; strong interpersonal, leadership and collaboration skills to work in a team-oriented, 
matrix environment. Academic experience and a successful track-record of obtaining external 
funding are encouraged. 


The Division anticipates filling the Position of Director, BRITE by July 1, 2016; however, review 
of applications will commence immediately and continue until the position is filled. 
Applicants should apply at the following web address https://jobs.necu.edu/. 


Director 
Julius L. Chambers Biomedical/Biotechnology Research Institute 


North Carolina Central University (NCCU) invites applications for the position of Director, Julius 
L. Chambers Biomedical/Biotechnology Research Institute (JLC-BBRI). The Director of the JLC- 
BBRI reports directly to the Vice Chancellor for Research and Economic Development; and, provides 
leadership for a broadly based research portfolio which includes cancer, cardio-metabolic disorders, 
neuroscience and nutrition. Established in 1999, the JLC-BBRI facility provides 40,000 sq. ft. of 
basic research space. The JUC-BBRI is an innovative research and training institute dedicated to the 
advancement of fundamental knowledge of human diseases, particularly those that disproportionately 
affect underrepresented minority groups. 


Purpose of Position: The Director serves as the scientific leader of NCCU’s JLC-BBRI research 
facilities in Durham and Kannapolis, NC (North Carolina Research Campus-NCRC) and holds a 
tenured faculty position as Professor. The Director’s responsibilities include the following: assure 
the quality and competitiveness of research conducted in the Institute; evaluate, plan, direct and 
implement activities related to the mission and function of the JLC-BBRI as a constituent body of the 
University; manage the Institute’s budget and provide overall administrative leadership; supervises 
and mentors faculty and non-tenure track scientists in securing external research funding; facilitate 
student research experiences within the JLUC-BBRI and with the Institute’s internal and external 
partners; forge long-term successful partnerships among various academic and research units at 
NCCU as well as with agencies, corporations and academic research institutions within Research 
Triangle Park, throughout the state and beyond. 


Qualifications: The Director will have an earned doctorate degree (Ph.D.) or equivalent doctoral 
degree in the biomedical sciences; or (M.D.) degree with relevant research experience from 
an accredited institution. The Director will have a distinguished record of leadership, research, 
grantsmanship, publications, and other scholarly activities. Sustained contribution to the sciences 
will be evidenced by productivity in funded research and publications. Continuous experience as a 
principal investigator on externally funded biomedically-related research projects is also required. 
A record of administration in higher education is highly preferred. 


The Division anticipates filling the Position of Director, JLC-BBRI by July 1, 2016; however, review 
of applications will commence immediately and continue until the position is filled. Applicants should 
apply at the following web address, https://jobs.ncecu.edu/. 


7 ) CoLuMBIA UNIVERSITY 
MEDICAL CENTER 
Postdoctoral Research Scientist 


We are seeking a highly motivated candidate 
with a background in Genetics, Bioinformatics, 
Computer Science or Statistical Genetics 
for a Post-Doctoral position within an 
independent research group at the Columbia 
University Medical Center Campus. The 
research will focus on Essential Tremor and 
neurodegenerative disease. This position will 
involve analysis of Whole Genome Sequence 
data in families with Essential Tremor using 
state of the art statistical methods. 


Job Requirements: 
¢ Ph.D. in Genetics, Bioinformatics, Computer 


Science, Statistical Genetics, or a related field 
is required 

Experience using bioinformatics to analyze 
high-throughput genetic and genomic data 
Experience running statistical tests on next- 
generation sequencing data particularly in 
family-based study design 

Experience with variant interpretation and 
classification 

Familiarity and working knowledge with 
standard bioinformatics tools, packages, 
algorithms, and databases 

Familiarity with statistical analysis methods 
and tools for bioinformatics 

Excellent written and verbal communication 
Effective judgment and problem solving 
with little supervision is imperative for this 
position 


Advance 
your career 
with expert 
advice from 
Science 
Careers. 
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2016 High-Level Global Experts Recruitment Program 
Beijing Institute of Technology 


Beijing Institute of Technology (BIT) is a prestigious national key university in China 
and enjoys a high reputation in research and education in science, technology and 
other areas of scholarship. Founded in 1940,it is one of the first Chinese universities 
to run a graduate school and has been listed into national “Project 211” and “Project 
985 "since the founding of the People's Republic of China. It is now under the 


administration of the Ministry of Industry and Information Technology of China. 


L Positions available in the following disciplines: 


Discipline | Mechanical and Vehicle | Information and Science and | Humanities and 
Category Engineering Electronics Matenals Social Sciences 
7 


Theorencal 
Economics 


Engineering Thermo 
physics 
Computer Science 
and Technology 
Safety Science and 
Technology 


IL Talent programs 

1. Global experts: experts engaged by the Recruitment 
Program of Global Experts (Thousand Talents Program), 
Distinguished Professors with the Chang Jiang Scholars 
Program, National Outstanding Youth Fund Winners, 
etc; Youth Scholars engaged by the Thousand Talents 
Program, Youth Scholars with the Chang Jiang Scholars 
Program, National Excellent Youth Science Fund 
Winners, and the Youth Top-notch Talent Support 
Program, etc. 

2. Young scholars: associateship of associate or assis- 
tant professor 


BEIJING INSTITUTE OF TECHNOLOGY 


age HERE ILAFE 


We offer exceptional benefits and competitive salaries, 
induding: 

1. A competitive annual salary according to performance; 
2. Startup research funds, and support for the creation of 
a research team; 

3. Helps in accommodation. 

To view the full job listing, please visit our website 
http//renshichu.bitedu.cn/docs/20160325183439075120.pdf 


VL Application and contact us 

Applicants please send a curriculum vitae and at least 5 
published academic papers via email to: 
bitrcb@bitedu.cn, or sscsr@bit.edlu.cn. Please note the 
program you apply for in the subject of your email. 


Contacts: Mr. Shi 

Tel: +8610-68918577 

For more faculty positions, please visit our website 
http://renshichu.bitedu.cn/ 
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Center for Immunology & Microbial Disease 
Albany Medical College 


Assistant/Associate Professor 


The Center for Immunology & Microbial Disease at Albany Medical 
College invites applications for a tenure-track faculty position from 
individuals who have a doctoral degree, postdoctoral experience, and 
demonstrated research productivity. The successful candidate will be 
expected to establish an independent, extramurally-funded research 
program and participate in the teaching of medical and graduate students. 
The basic science departments at Albany Medical College are organized 
as interdisciplinary research centers and the Center for Immunology & 
Microbial Disease has a focus on microbial pathogenesis and immune 
defense, particularly as related to host-pathogen interactions. Faculty 
at the Albany Medical College receive competitive salaries, attractive 
start-up packages, and access to the Center’s ABSL-3/BSL-3, Microbiology 
and Immunology Core Labs. In addition, we have established a close 
relationship with the New York State Department of Health Wadsworth 
Laboratories, providing a diverse environment that is rich in infectious 
disease expertise. Albany Medical College is located in a mid-sized city 
within the upstate New York Capital Region, and has easy access to Boston, 
New York City, and the Adirondack Mountains. 


Applicants should send their curriculum vitae, a statement of research 
plans, and three letters of reference to: 
Faculty Search Committee 
Center for Immunology & Microbial Disease 
Albany Medical College 
47 New Scotland Avenue, MC-151 
Albany, NY 12208 


For further information about the Center, visit 
http://www.amce.edu/Research/IMD/ 


An Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 


Funding Available: 
Collaborative & Interdisciplinary 
Team-Based Synthesis Research 


The National Socio-Environmental Synthesis 

Center (SESYNC) invites proposals for collaborative, 
interdisciplinary synthesis research projects focused 

on socio-environmental problems. These theme-based 
proposals should lead to scientific knowledge, tools, and 
methods and contribute to actionable outcomes. 


SESYNC provides: 
- Travel and logistical support 
- Meeting facilities at our center in Annapolis, 
Maryland 
- Computational and collaboration support 
- Planning and facilitation for the team science process 
- Opportunities to engage with on-site scholars 


Proposals must be received by May 16, 2016. 
For compelte details, visit: http://sesync.us/dv 
SESYNC is funded by an award 


to the University of Maryland from 
the National Science Foundation. 


ESYNC 


3] UNIVERSITY OF 
» CAMBRIDGE 


www.jobs.cam.ac.uk 
G. |. Taylor Professorship of Fluid Mechanics 


Department of Applied Mathematics and Theoretical Physics 


The Board of Electors to the GI Taylor Professorship of Fluid Mechanics invite 
applications from persons whose work falls within the general field of fluid 
mechanics and its applications, to take up appointment on 1 October 2016 
or as soon as possible thereafter. 


Candidates will have an outstanding research record of international stature. 
They will hold a PhD or equivalent postgraduate qualification. In keeping 
with the scientific legacy of Gl Taylor, we particularly welcome applicants 
whose work involves close contact with experiment. 


Standard professorial duties include teaching and research, examining, 
supervision and administration. The Professor will be based in Cambridge. 
A competitive salary will be offered. 


To apply online for this vacancy and to view further information about 
the role, please visit: http://www.jobs.cam.ac.uk/job/9977. 


Further information is available at: www.admin.cam.ac.uk/offices/ 
academic/secretary/professorships/ or contact the Academic Secretary, 
University Offices, The Old Schools, Cambridge, CB2 1TT, 

(email: ibise@admin.cam.ac.uk). 


Applications, consisting of a letter of application, a statement of current and 
future research plans, a curriculum vitae and a publications list, along with 
details of three referees should be made online no later than 9 May 2016. 
Informal enquiries may be directed to Professor Nigel Peake, Head of 
Department of Applied Mathematics and Theoretical Physics, telephone 
01223 339058 or email n.peake@damtp.cam.ac.uk. Further information 
about the Department can be found at http://www.damtp.cam.ac.uk/. 


Please quote reference LE08764 on your application and in any 
correspondence about this vacancy. 


The University values diversity and is committed to equality of opportunity. 


The University has a responsibility to ensure that all employees are eligible to live 
and work in the UK. 


UT Southwestern 
Medical Center 


Chair, Department of Immunology 


The University of Texas Southwestern Medical Center (Dallas, TX), a 
premier academic medical center, invites applications for the position of 
Chair of the Department of Immunology. The Chair will lead a faculty 
that is internationally recognized for outstanding achievements in 
many aspects of immunology. The incoming Chair will be responsible 
for recruiting new faculty members, overseeing research and training 
programs, and promoting an environment in which excellence in 
interdisciplinary immunological research is fostered and achieved. The 
Chair will direct a creative and productive research program, as evidenced 
by a distinguished track-record of external funding and high-impact 
publications. Qualified applicants must possess a doctorate with focus 
in biomedical research. 


Interested candidates with exceptional records of scholarship and 
achievement, strong interpersonal and administrative skills, and 
institutional vision should send a curriculum vitae and brief cover letter to: 
Michael V. Norgard, Ph.D. 
UT Southwestern Medical Center 
Department of Microbiology 
5323 Harry Hines Blvd. 
Dallas, TX 75390-9048 
recruiting@utsouthwestern.edu 


UT Southwestern is an Affirmative Action/Equal Opportunity 
Employer. Women, minorities, veterans, and individuals with 
disabilities are encouraged to apply. 


Bosteal 


supported by 


Special Job Focus: 


Immunology 


Issue date: May 6 


Book ad by April 19 to 
guarantee space* 


a 
- 


= Relevant ads lead off the career section with special 
immunology banner 


= Bonus distribution to Immunology 2016 (AAI), 
May 13-17, Seattle, WA. 


*Ads accepted until April 29 if space allows. 
Produced by the Science/AAAS Custom Publishing Office. 
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Your Career at the 
Max Planck Institute 
of Biochemistry 


Martinsried / Munich - Germany 


The Max Planck Institute of Biochem- 
istry (MPIB) in Martinsried near 
Munich is inviting nominations and 
self-nominations for a position as 


Department Director 


to complement its existing 10 depart- 
ments and 20 research groups ranging 
from biochemistry, structural and 
cell biology to biophysics. The posi- 
tion is equivalent to that of a tenured 
Full Professor fully devoted to research. 
The offer includes a highly competitive 
package with substantial core funding 
and generous lab space. 


We are seeking candidates who study 
the molecular mechanisms of fun- 
damental biological problems. Ve 
especially encourage expressions of 
interest from, and nominations of, 
candidates with a strong track record 
and several years of experience as 
principal investigators, but still at a rel- 
atively early career stage. 


The Max Planck Society, an equal 
opportunity employer, is committed 
to diversity and inclusion in all as- 
pects of recruiting and employment. 
The Max Planck Society is aiming at 
increasing the percentage of women 
among its scientific leadership, partic- 
ularly at the director level, and there- 
fore strongly encourages expressions 
of interest from, or nominations of, 
qualified female scientists. 


Please e-mail applications and nomina- 
tions including CY, list of publications, 
a brief summary of past and current re- 
search and the names of 3 references 
to the Office of the Managing Board of 
Directors (gl@biochem.mpg.de). 


The deadline for application is 
Tuesday, 31 May, 2016. 


WORKING LIFE 


By Jeffrey J. McDonnell 


378 


Orchestrating a powerful group 


s I entered my assistant professor years in the early 1990s and worked to assemble my re- 

search team, I considered each candidate individually. I took on students based on grades 

and test scores, and my relationships with them were one-on-one. I didn’t consider their 

teamwork abilities or soft skills—or the group dynamic as a whole. This approach gave me a 

somewhat productive lab group as measured by single member outputs, but over many years, 

I came to appreciate that the collective matters—a lot. Beyond the individual output of the 
graduate students and postdocs lies a parallel universe of teamwork, peer-to-peer mentoring, and— 
most important—discovery for the research group as a whole. 


I found this quite by accident, 
10 years into my faculty appoint- 
ment, with the arrival of a Euro- 
pean postdoc who insisted that 
the group have daily morning cof- 
fee like he had “back home.” This 
ritual evolved from nonacademic 
conversations over pastries to daily 
check-ins about what the group was 
working on to discussions of new 
ideas. Over the years, these conver- 
sations have been the most satisfy- 
ing part of my job and have led to 
some of my group’s better papers. 

I now think of each group mem- 
ber as a critical puzzle piece for 
my collective. I assemble teams of 
individuals with different but com- 
plementary scientific backgrounds 
and play off of the (healthy) tension 
between them, where they question 
one another’s approaches and per- 
spectives. Research group members will have their own the- 
ses, projects, and papers, but one can orchestrate a group 
dynamic that promotes discussion about where the field 
should be headed and the best new questions to ask. 

The first step toward creating this environment and fos- 
tering a powerful research group is building relationships. 
Regular social activities outside of work can help break down 
walls and create a team spirit. Weekly lab meetings, morn- 
ing coffee, group lunches, or Friday after-work beers can 
engineer serendipity across the entire group, or smaller sub- 
groups that head into new directions with curiosity-driven 
side projects. The team building also creates a sense of safety, 
trust, and belonging. In my lab, there are high expectations 
for unselfish cooperation and maintaining one another’s rep- 
utations. We adhere to the old adage that if you do not have 
something nice to say about someone, then say nothing at 
all. Foibles are tolerated; disagreements are settled quickly. 

Lab diversity, be it scientific or cultural, can make build- 


“Using the powerful group 
as a way to think is like 
conducting an orchestra.” 


ing community challenging, but that 
diversity itself can add immense 
power to the team. Certainly I have 
found that my most productive 
groups over the years have been the 
ones with the greatest gender bal- 
ance and range of cultural and sci- 
entific backgrounds. A group leader 
can learn to leverage this diversity 
and draw out ideas from some who 
may be timid in group discussions. 
Something as simple as not letting 
anyone dominate during discussions 
can help. Inviting a gifted member 
to throw out an idea and having the 
group discuss it can also be effective. 

Using the powerful group as 
a way to think is like conducting 
an orchestra. It involves assem- 
bling a varied group of musicians, 
each with solo skills, and help- 
ing them play together, creating 
a piece I could never accomplish myself or with a single 
student or postdoc. 

I have in no way mastered the powerful research group, 
which is an evolving and ever-changing thing. New lab 
members bring in new opportunities and challenges. But 
one thing I now understand is that as old members fledge, 
the powerful group extends well beyond the faculty mem- 
ber’s home institution. The group becomes a ready-made 
network for collaboration among lab alumni who go on 
to develop their own orchestras, repeating the cycle of the 
powerful research group elsewhere. 


Jeffrey J. McDonnell is a professor in the School of Environ- 
ment and Sustainability at the University of Saskatchewan 
in Saskatoon, Canada, and Sixth Century Chair at the Uni- 
versity of Aberdeen in the United Kingdom. He thanks Paul 
Axtell for early discussions and the Global Institute for Water 
Security postdocs and his lab members for feedback. 
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